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FOREWORD

This report (Volume I) is a technical summary of the effort on Modifica-
tion 3 of Contract NAS 8-27228 carried out between May 18, 1972 and November
21, 1972, The contract was begun on August 25, 1971 as a continuation of the
technological development efforts carried out under Contracts No. NAS 8-24683
and NAS 8-26157. On September 14, 1971 the work was verbally redirected by
Marshall Space Flight Center to cover definition, design, manufacture, test
and flight qualification of an experiment package which would permit the
carrying out of zero gravity supercooling and nucleation experiments in the
Skylab mission as an extension of the M512-related experiments. The objectives
of the supercooling and nucleation experiments are described in an Experiment
Proposal dated June 18, 1971 submitted to Marshall Space Flight Center by
Dr. R. T. Frost and Professor D. J. Turnbull as Principal Investigators.

This document served as the initial guide for the redirected effort.

On December 10, 1971 Marshall Space Flight Center approved a number
of specific tasks (Modification 1) which served as a more detailed framework
for the new redirection. Work was greatly accelerated in order to meet the

very stringent deadlines set by the M512 qualification and launch schedule.

In February 1972 NASA made a decision to terminate the accelerated

effort aimed at furnishing a supercooling and nucleation experiment for the

vi



Skylab and issued a stop work order on February 18, On May 18, 1972, a
completion effort was defined and mutually agreed upon (Modification 3) which
would result in preserving those parts of the technical effort which would be
most useful with regard to further technology developments in the zero gravity
melting and solidification of metals and semiconductors. Since a large amount
of the technical effort had been determined by the specific compatibility require-
ments with the existing M512 experiment apparatus and the Skylab interfaces,
this termination effort was primarily directed to documenting and preserving
technology and hardware which would be of most general interést for future
experiment developments rather than documentation of the details of the
technical effort most specifically related to the M512 and Skylab constraints.
To this end, attention was concentrated upon assembly and delivery of labora-
tory breadboard h‘ardwa,re consisting of a working device for automatic position
sensing and control of freely floating diamagnetic-spheres compatible with the
Marshall Space Flight Center 400 foot drop tower test program. The new
‘documentation of the various phases of the engineering work was limited to
only those few items of most general interest for further work in this new

technology area.

In Volume I, brief summaries are given of the selected technical areas
as well as descriptions of the breadboard hardware and drop test package which
is being delivered as part of this effort. Volume II of the report contains the
documentation on the Modification 1 contract work specifically reiated to the

Skylab experiment as it existed at the time of contract completion.
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1.0 INTRODUCTION

The material which follows describes briefly the technology development
done in conjunction with defining a facility to be used on the Skylab mission for
electi‘omagnetic suspension of small, molten spheres in the weightless space
environment. This facility was planned as an add-on for the M553 sphere-
forming experiment, That experiment utilizes an electron beam for melting
the specimen and it was planned to use the same source of energy for the
electromagnetic 'suspension demonstration. Electromagnetic suspension and
position was to be employed to control the position of the 3pecifnens so that

they would not contact any other materials or objects during solidification.

In the proposed add-on system, electromagnetic forces are developed
by the interaction of the fields from a system of current-carrying coils, with
the dipole moment induced by this same coil system in the floating melted
specimen. Position and velocity of the levitated spherule are continuously
monitored by an optical position sensor. A temperature history of the melt
during cooling and solidification was to be provided by means of a simple
radiation pyrometer measuring the ratio of radiance in two infrared wave
bands. A position control system introduces position and position rate infor-

| mation iﬁto a servo loop to control the current levels in several nearby mag-
netic coils., Although positioning forces as high as 50 to 100 dynes would be
utilized for initial deployment of the spherule at the instant of melting and for

recovery of the specimen after solidification, it was expected that position



and velocity errors would be nulled within the first few seconds after melting
so that only miniscule forces would have to be applied to this spheroid during
solidification, provided that solidification did not bg gin for several seconds
after melting. ''"Miniscule forces' here refers to those forces required to
overcome residual accelerations of the Skylab facility which are expected to

be in the 10-5g range.

1.1 GENERAL DESCRIPTION

The Electromagnetic Levitation System (EMLS) was to utilize the
spherical work chamber of the sphere-forming experiment. Figure 1.1-1
illustrates, schematically, the various elements of the proposed system posi-
tioned in this chamber and includes a perspective view of the specimen wheel
with the electromagnetic positioning coils, position sensors and control elec-
tronics. The electron beam of the facility enters the sphere at the lower left
end as indicated by a broken line. Also shown by a broken line is a small
cylinder which was to serve to capture the specimens after solidification. A
detailed description of the Electromagnetic VLevitation System as planned for
the Skylab is given in the Experiment Implementation Plan, Section A of

Volume II of this report and will not be repeated here.

1.2 BACKGROUND
Under Contract NAS 8-24683 analyses and experiments were carried out
on a position control system consisting of six coils mounted as three orthogonal

pairs. The coils consisted of typically hundreds of turns of relatively small
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diameter wire and were operated at frequencies in the 10 kHz region. The
coils could be considered to lie on the faces of a cube circumscribing the
specimen position., The position of the conducting sphere relative to the center
of the cube was monitored by means of the change in inductance of the individual
coils due to the reflected impedance of the eddy current paths in the spherical
specimen. The position error signals, consisting of the relative changes in
impedance of the six coils, was fed into a servo system which automatically
regulated the relative power inputs to the six coils in such a manner as to urge

the spherical specimen to the center of the cube and to damp oscillatory motions.

Under Contract NAS 8-26157, this concept was developed into a zero
gravity position and velocity control servo which was tested in the MSFC 400
foot drop test facility and in the KC135 USAF ballistic flight program. This
package incorporated electro-optical sensors for determining the position
errors and error rates for the freely floating specimen. Six coils were again
used for position control and simultaneously served as the inductor in resonant
tuned circuits to improve power coupling efficiency at operating frequencies in
the 100 kHz regime. The electro-optical position sensing development was
undertaken to widen the range of specimen resistivities which could be handled
'by the facility since the electromagnetic position sensing scheme is restricted
to relatively good conductors. The use of the coils simultaneously as producers
of the magnetic field for position control and as tank circuit inductors resulted

in only relatively weak available electromagnetic forces because of the high
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tank inductance required for use with available capacitors, causing the coil

configuration to be solenoids having appreciable length.

1.3 SUMMARY

At the beginning of the contract work reported here, it was decided to
separate the field producing and tank circuit inductor functions by use of ferrite
core transformers which coupled a resonant tank circuit to the field producing
coils. It was also decided to explore the relative merits of employing only
four position control coils arranged so as to lie on the faces of an imaginary
tetrahedron. | This configuration has the a.dvantagé of giving a somewhat more
open structure to the coil assembly and reduce the numbe_r of power amplifiers
required. Mock-ups and tests as well as analyses were carried out and a
comparison with thel six coil configuration was begun. Whén the contract was
redirected towards furnishing a flight model equipment for the Skylab Super-
cooling and Nucleation experiment it was decided that the more open structure
of the tetrahedron as well as a saving in number of power amplifiers was more
compatible with the constraints of the already existing M553 specimen changing
wheel, electron beam heater and vacuum chamber. Fér that reason most of
the work directed towards the Skylab experiment application was based upon
" the assumption of a four coil tetrahedral configuration. The tetrahedral con-
figuration required implementation of coordinate converter circuitry siﬁce
there exist only three independent coordinates describing the position error of

the specimen, whereas excitation of the separate coils results in force components
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lying in the four non-orthogonal directions described by the coil axes. The
requirement for this additional signal circuitry was considered to be a dis-
advantage outweighed by the superiority in terms of coil geometry and number

of high powered circuits and coil leads as compared to the six coil system.

At the time the Skylab Supercooling and Nucleation experiment effort was
terminated, the coordinate conversion signal processing electronics had not
passed the conceptual design stage. In the interest of furnishing a working
drop tower demonstration package for future experiment development in this
area on the limited funds available, it was determined that a six coil unit could
be a.ssembled more readily because of the relatively large expense that would
be entailed in detailed design and construction of the coordinate converter
electronics. It was also considered that the advantages of coil configuration
and reduced number of power amplifiers were associated primarily with the
constraints determined by the existing Skylab equipment and would probably
not outweigh the disadvantage of the coordinate converter electronics for future
experiment development unconstrained by d»etails such as the M553 specimen
se;ector wheel. A comparison of the four-coil and six-coil configurations is

considered in Section 2.2 of this report.

Because of the necessity for performing certain basic tests on the electro-
magnetic force field configuration with the four-coil system on the accelerated
program aimed at the Skylab opportunity, it was necessary to carry out tests

on a four-coil servo mock-up at a time before the coordinate converter
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electronics was to be available. To this end, a demonstration servo controlling
the position of a neutrally buoyant sphere floating in liquid of controlled density
was carried out with the four-coil configuration., A simplified position error
sensing system and position control servo without coordinate converter was
assembled for these tests. Although the position sensing and control servo
circuits were somewhat different than those adopted as the reference design for
the Skylab experiment, it was agreed to deliver this working four-coil position
servo as part of the Mod 3 termination effort in order to preserve the four-coil

breadboard hardware development which had been carried out to that date.

The position error sensor which was adopted as the reference design for
the Skylab Supercooling and Nucleation experiment consisted of two separate
electro-optical sensors viewing the specimen in two orthogonal directions.
Each sensor incorporated a quadrant silicon detector which could determine
the specimen position transverse to the viewing axis. With the two detectors
the three orthogonal position errors of the specimen could be measured with
some redundancy. It was decided to incorporate these detectors into the
deliverable position control drop towér demonstration package as the most
valuable way of preserving this important technology development. These
" detectors are described in Section 2.6 and are also referred to in the drop

tower package description in Section 3. 0.

For monitoring of the specimen temperature during solidification, a

miniature two-color pyrometer was designed and breadboarded. The decision
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to utilize a two-color optical pyrometer rather than a total radiation pyrometer
was dictated by the desire to observe specimen temperature changes in the
absence of detailed knowledge of specimen emissivity, particularly during
phase transformations at which discontinuities migilt occur in emissivity. Iq
the Skylab Supercooling and Nucleation experiment it was planned to incorporate
the pyrometer into the same housing as the optical position sensors., A working
breadboard miniature two-color pyrometer is being delivered under the terms
of Mod 3 of this contract but was not incorporated into the drop tower package,
which at present is designed only for position control demonstrations with cold

solid specimens,

Because of the absence of laboratory test data on vaporization rates from |
the molten specimens in the vacuum provided by the existing Skylab facilities
(partiéularly because some experiment specimens were not determined at the
time), there was some concern for problems arising from plating of the optical
position sensors by metal vapors. This effect was to be minimized by an
arrangement by which the solid state optical sensor element viewed the hot
specimen in reflection by a front service mirror. Baffles were considered
which would shield the detector from vaporization products traveling directly
‘from the molten specimen in vacuum. Because of the possibility of detector
contamination by specimens which might be proposed by other investigators to
which the detector would be especially susceptible (it was considered that the

detector could survive a wide range of specimen experiments), a back-up
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position control system was considered utilizing the electromagnetic detection
principle originally studied under Contract NAS 8-26157. This work is dis-

cussed briefly in Section 2.5.1.

An analysis is given of the possibilities for specimen rotation control
using the electromagnetic position control fields. This is important with respect
to inhibiting or controlling rotation rates induced by single-phase induction
motor action in freely floating conducting liquid masses. In addition, possi-
bilities exist for shape forming masses into oblate spheroids by inducing
controlled rotation rates by means of a two-phase induction motor action which

can be arranged by proper phasing of the position control coils.

Section 3,0 gives some detailed description of the demonstration drop
fower package for electromagnetic position control. This package was designed
to be compé.tible with the MSFC 400 foot drop tower facility. Diagrams are
given showing connections for power and telemetry which should be fully com-
.pa,ti'ble with the carria,gé which was developed at MSFC fpr use in both the drop

tower and the KC135 aircraft,

Listings of the computer programs which were written for the magnetic

" field and force analyses are given in an appendix,

In the course of performing the work described in this report, numerous
drawings were generated. Some of these drawings are included in this document

but many were not of a nature to be referenced here. However, a list of all
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drawings prepared is included in Volume II. Microfilm copies of all drawings
have been provided to the Contracting Officer's Representative and prints may

be obtained from him, if desired,



2,0 TECHNOLOGY DEVELOPMENTS

In this section the technology developments are described which are of
most general interest for applications to subsequent efforts in the new area of

containerless processing of metals and semiconductors.

2.1 FOUR COIL OPTIMIZATION

In this section we will discuss the four-coil tetrahedral arrangement and

its optimization.

The function of the four coils in the tetrahedral configurétion is to provide
the force, within the available power, required for specimen deployment or
retrieval, damping, positioning and, after solidification, ejection or stowage.
This force is obtained by selective excitation of one or more coils by radio
frequency currents controlled by the position sensing subsystem. The theory
describing this force is treated in Section 2 of the final report dated June 15,
1971 on Contract NAS 8-26157. It was shown there that force is dependent on

the following parameters.

1. current magnitude in driven coil
2. driven coil size and shape

3. ' specimen size

4. specimen to coil distance

5. skin depth of specimen.



Efforts were made to optimize the force capability of the coils under the

following constraints,

A. Mechanical
° M512 vacuum chamber size
e Specimen size
° Electron Beam Clearance
. Specimen, Specimen Wheel and Indexing Motor Clearance

° Specimen Stowage Path.

B. Optical
° Position Sensor Field of View
° Temperature Sensor Field of View
° Camera Field of View

e Visual Field of View

C. Electrical
° Input R. F. Power (Thermal)
°® Coil Interactions

e High Voltage

A four-coil facility was identified that was compatible with these con-
straints and which could handle specimens up to 1 cm in diameter. The coils
were 2 cm inside diameter, spaced tangent to an inscribed sphere of 4 cm

diameter. These coils were each wound with 3 turns and had a cross section
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approximately 0.4 cm. The coil and its leads are cut from one piece of copper

strip about 0. 08 cm thick and is self-supporting.

Referring to the expression* for the total force exerted on the sphere by

the applied field (Equation 2-4 of the referenced final report):

3 dH
F = -27 R2 MHEG(X) where
R2 = Sphere Radius,
G(X) = Body Force Function, discussed in more detail below,

Z = Axial Distance from Coil to Sphere,

we can describe how each parameter can be varied to optimize force.

2.1.1 Sphere Radius (RZ)

The force of a given field and field gradient varies as the cube of R2° For

maximum force we see that RZ must be kept as large as possible., We will see

iater where G(X) also requires a large R2 for appreciable forces. For free

% In the formulae in this section, the MKS system of units is used, i.e. meters
kilograms and seconds. The field intensity is expressed in Maxwells. In
some later sections cgs units are used, i.e. centimeters, grams and seconds,
because of their greater convenience for apparatus of the dimensions con-
sidered here and because of the convention of expressing surface tensions and
viscosities in these units. Because of the non-triviality of conversion
between these sets of units when one is considering magnetic field strengths
and induction, a short discussion of units and their inter-conversions is given
in Appendix C. We will encounter mixed units and the necessity for conversion
in Section 2. 7.



body acceleration forces (g forces) the mass varies as the cube of R2 S0 R2 is
not significant for acceleration except, as noted above, in G(X). In the event
there is wetting of the pedestal holding the molten specimen it is important to
provide adequate electromagnetic faces to overcome surface tension forces
binding the specimen to the sting on which is is melted, as was the arrangement

using the M553 specimen wheel. The sphere radius R, then must be kept as

2
large as practical and the coil system must have a free volume sufficient to

handle a sphere of this size.

2.1.2 Magnetic Field (H)

For a single turn coil of radius a, the field on axis at a distance r from
the coil winding is given by
., 2
Tia

H=2 r3
uo

where r is the slant distance to the winding and i is the current in amperes.
The force exerted on the specimen is proportional to H and therefore varies

as the square of the coil radius, the inverse cube of the coil-specimen distance,
and directly with current i. Immediately we have contradictory requirement
because increasing a makes the coil assembly larger and that makes r larger
for a specimen located at the center of the coil assembly, Because H is more
sensitive to r than to a, some advantage is gained by keeping the coil assembly

compact,
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2.1,3 Magnetic Field Gradient (3—?—)

In the center of the coil the field H is greatest but the change in field,

i

az is zero. At a far distance along the axis, the field and field gradient

are small. As we move away from the coil the field starts to reduce and the
gradient increases rapidly. The force, which is proportional to the product of
the field and the field gradient, must therefore increase as we proceed away
from the coil plane, but vanishes at large distances. It is thus obvious a
maximum force exists somewhere. This maximum is found to occur at a

distance from the coil of approximately one-third the coil diameter.

2.1.4 Body Force Function, G(X)

R
Figure 2.2-1 is a plot of the function G(X). X = 5—2- where R, is the

2
specimen radius as before and 6 is the conducting skin depth. Nothing can
be done to the coil to optimize G(X). The specimen size RZ can be maximized
as mentioned previously but will affect the volume of the coil assembly.
.Because X needs to be at least 3, so that G(X)— 1, the skin depth must be
kept shallow. Therefore, for any specimen size and resistivity, there is

a minimum frequency which must be exceeded in order to yield a G(X) near

unity.

2.1.5 Selection of an Operating Frequency

The frequency of operation is significant because it must be above that
required to make G(X) & 1 for the highest resistivity material being considered

for the specimen., For R, =0.5cm, 8 < 0,17 cm, and a specimen material

2
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with a resistivity of 100 H§) -cm, this requirement dictates a minimum fre-

quency of 900 kHz,

We have described how parametric variation affects force and now must
consider the constraint of available power. Changing parameters to maximize
force alone is insufficient; maximum force per unit power input is the desired
criteria. The major R.F. power loss of the system occurs in the coils. In
our consideration of the rhagnetic field we saw that the field is proportional
to the current, the coil radius squared and the inverse cube of the specimen
distance. The coil loss is proportional to the resvista.nce and therefore to the
coil radius, a, and the field is proportional to az. We gain in force per unit
power by using the largest a practical. The need for clearances, however,
puts a very definite limit on the coil radius, a. The coil loss is proportional
to coil resistance so we find that the higher the frequency the greater the loss
due to the decrease in conducting skin depth of the coil material. As a minimum,
the frequency should not go above that which produces a skin depth of half the
coil conductor thickness, b/ For copper at 90 kHz, the skin depth, 6, is 0. 022 cm.
With a coil conductor thickness of 0.08 cm, 0 should be in the order of 0.04 cm
or larger. This condition would occur at 27 kHz. Above this frequency, the
coil loss ‘increases by the square root of the frequency. However, we have
found that a minimum operating frequency approaching 90 kHz must be used
because G(X) drops off below much faster rate than the square root of the fre-
quency below 90 kHz. Therefore the optimum frequency for a 100 g r-cm

specimen is in the neighborhood of 90 kHz.
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From this discussion, we can conclude that the maximum force per unit
power is always lower for the higher resistivity materials in any given coil

configuration.

The previous analysis indicates that the copper conductors can be thinner
and the number of turns increased. Such a coil is feasible for this application
if the temperature rise in the coils for full power input is within the limitations

of any insulators needed to survive grazing contacts with the hot specimen.

2.1.6 Impedance Matching Transformer

Another item which entered into the optimization of the coils was the
impedé.nce matching transformer. This unit had a one turn secondary which
for the available core being used could drive a coil of at most three turns, For
a four turn positioning coil, a second secondary turn was needed at the power
level used. This would double the turns in primary winding, Overall, the
additional loss in the impedance matching transformer with the larger number
of turns would offset the gain in going to four turns in the positioning coil.

A four turn coil is feasible if a special (non-standard size) core is specified
for the impedance matching transformer, a procedure that could be used on

any flight program.

2.1,7 Mechanical Configuration

In the simplest geometric arrangement of the four-coil system, each

£y

coil would be oriented to be in the face of a simple tetrahedron as shown in



Figure 2.1-2. This initial arrangement permitted the specimens to enter the
coil system along path A, the electron beam to enter via path B (which also
includes a continuing clear exit path in case the beam is ever permitted to
progress that far) and the ejected specimens to leave via C (or in the direction
opposite to that of C for '"on-the-wheel' stowage). This initial concept was
considered to be unsatisfactory primarily for the following two reasons.

A. If a specimen should stick to its support on the wheél after having
been melted, the forces which may be created at the location of the
support may be too small to push the specimen off the support.

B. If the specimen should readily free itself from the support and push
itself away from it - as a consequence of it assuming a spherical
shape and of non-wetting of the support - the forces on the opposite
side of the coil system, midway between two coils may be insuificient
to prevent the specimen from leaving the coil system prematurely.
Analysis of this situation is included in Section 2.3 below.

It was essential to the success of the experiment that the specimen come
free of its support and then remain within the coil system without touching the
coils until it again becomes solid, Since no useful data on the release of typical
molten specimens from supports in a freely falling experiment were available
during design of the coil system, it was decided that the set of coils, and
possibly the specimen with its support, must be rotated to place the specimen

at a location at which the forces were known to be larger. This resulted in a

tetrahedronal coil configuration and wheel modification shown in Figure 2.1-3.
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2.2 FOUR-COIL VERSUS SIX-COIL CONFIGURATION COMPARISON

2.2.1 Size

For three dimensional control the four-coil configuration requires only
two thirds the number of high power components of a comparable six-coil coh-
figuration, Because the power components are the largest parts used, it
follows that the four coil system had the best chance to fit within the small

space available for this experiment.

The small signal parts count however will rise significaﬁtly, These parts
are used to perform the coordinate conversion and the servo force vector
resolution. This results from the four-fold symmetry of the tetrahedral con-
figuration as compared to the existence of only three independent coordinates
for the position er:fors. The position sensors are on three corresponding
orthogonal axes. In general, output from three coils is needed to generate force
vectors that are parallel to these axes, A further discussion of the tetragonal

coordinate system, coordinate converter and the servo is found in Section 2. 3.

In the six-coil system, no coordinate converter is required. In this con-
figuration, axes of the coils define three orthogonal position measurement axes,
and the folrce vectors can easily be derived as proportional to the negative
of the position error vectors. Each of the three sensing systems controls only
the two coils along that coordinate axis and has no coupling affect into the other
coil systems. In total piece part count the six-coil system has fewer parts than

the four-coil system. The size and weight of the six-coil system is greater by
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about twenty percent than those of the four-coil system because of the larger

count of high power components.

2.2.2 Force Considerations

When the force vector created is along a coil axis and directed away from

that coil, relatively high force levels are achieved. When the force is directed

at a significant angle off-axis, we find the force greatly reduced. In fact, if

the specimen is near a coil and on-axis (in a system as defined in Section
2.3.2.3), it could experience over 50 dynes of force. On the other hand, if the
specimen is approaching a corner of the four coil system (the part of the tetrahedron
on a coil axis but beyond the center of the coil assembly) the force o uld not
exceed about 5 dynes at the very modest total power available from existing M5124
circuitry. Further, if the specimen moves 1 cm or more from the center toward
a corner of the four-coil system, the force is zero or negative and the specimen
can be lost by being ejected from the enclosure. The difficulty presented to the
servo by this gross non-symmetry of available forces in the four coil system was
being resolted at the termination of work on this contract as reported in Section
2.3.3 below. In view of the forces resulting from the specimen either wetting
the substrate or being repelled by it as the molten specimen assumes a spherical

shape, and the lack of experimental data in this area, considerable uncertainties

remained.

The forces from a given coil in the six-coil system are no greater than
those from an identical coil in a four-coil system., The six-coil system, how-

ever, can contain a specimen so long as the specimen is within 2 cm of the
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enclosure center, Further, if the specimen were near a coil and directed
toward a corner (where the force in a six-coil system is no greater than in a
four-coil system), it must pass near two coils both of which will direct it
toward the center thereby preventing the specimen from approaching the

corner and reducing the probability of it being ejected out of the enclosure.

A further operational advantage of the six-coil system is that for any
force vector directed to the center region of the enclosure, an equal and
opposite vector can be generated after the slpecimen passes the center, Where
there was gross non-symmetry in the four-coil system, we find symmetry in
the six-coil system and the servo difficulty noted previously in the four-coil

system does not exist,

2,2, 3 Interface Effects

Because the EMLS wheel was to have been attached to the M553 Sphere
Forming Experiment's motor shaft and because the distance between this shaft
é,nd the electron beam had been determined, the diameter of the specimen wheel
was required to remain unchanged from that for the M553 experiment. The |
specimen size was selected to be the same as that used in M553, that is, a

~one centimeter diameter sphere when molten, with consideration for some to
be of a smaller size to accommodate metallurgists whose experimental tech-
niques require the use of small quantities of material. The use of a srﬁaller

specimen in a system designed to process larger specimens poses a possible
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problem to the position control system because as the ratio of sphere size to
coil size decreases, the forces which can be exerted upon the sphere decrease

as discussed earlier in Section 2.1.1.

Because of concern of the dynamics of a specimen within thé coil system
and the possibility that a specimen might be lost through a weak corner (i.e.,
a region in which the force the coils can exert upon a specimen is relatively
small) as discussed in Section 2. 3. 3, a six-coil system with nearly square
coils was considered as shown in Figure 2.2-1. Note that one of these coils
had to be distorted somewhat to provide a clear enfry for the incoming
specimens, For comparable volumes of specimen confinement within the
coils the two coil systems were found to produce forces of comparable sizes.
It had been found from previous contract work that the six-coil system gave
suitable position control and damping from experimental tests and analyses.
No work was done, however, under the present contract to analyze specimen

wetting to the sting except for initial conceptual theory.

ELECTRON
BEAM

Figure 2.2-1. Possible Six Coil Configuration
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2.3 FOUR-COIL POSITION CONTROL SERVO

2.3.1 Introduction

The four-coil tetrahedral configuration was examined with respect to
specimen control. Mathematical equations defining the ideal control process
were derived. These equations were then integrated with and modified by the

results of theoretical and laboratory performance analysis of the actual coils.

On one hahd, the defining control equations had to be kept as simple as
possible in anticipation of their ultimate implementation via th-e servo elec-
tronics. On the other hand, the actual field forces produced by one coil or by
two or three coils acting simultaneously are quite complex and are discussed
in Section 2.3.2.4. The exact solution of the system of resulting differential
equations is howe;/er formidable and implementation of the solutiop in a servo

control requires approximations,

The approach taken was minimization of the servo electronics by
simplifying assumptions while maintaining control over a specimen contained
in the complex coil force field. This objective was met. The details of the

computations and simulations that have been performed are presented below.

2.3.2 Derivation of Servo Control Equations

2.3.2.1 Field Approximation and Comparison to Measurements

The sequence of events as they appeared in the servo control operation

is as follows:



1. Specimen position is sensed and velocity calculated by the position
sensors.

2. A coordinate transformation is made to the defined axes.
3. Based on the spring-mass-dashpot equations of motion, a vector

force is calculated which, if applied to the specimens, would drive
it toward the tetrahedron origin (0, 0, 0).

4. The calculated vector force of step 3, T » is resolved into vector com-

. T
ponents for each of the four coils.,

5. An equation is solved, applicable to each coil, which relates the force
desired from that coil and the input current required to produce that
force,

6. The current of step 5, is delivered to the coils and the coils respond by

exerting a total vector force on the specimen, F,:'[,.

7. After some Ot, say, 0.0l sec., 1. begins again. As the specimen
nears (0, 0, 0) damping is accomplished and the specimen eventually
comes to rest at (0, 0, 0),

In the highly idealized system the command force, F,_, is equal to the

T

delivered force, F&,. If the model assumed to compute the equations of Step 3.

= F', the specimen will be precisely

posses a stable solution, then with fT T

controlled and be brought directly to (0, 0,0). In practice, however, taking
into account all the field interactions would require a very complicated control

system,

With some reflection, it is clear that the equation of motion assumed in

step 3. above is somewhat arbitrary. All that is required is that these equations

generate commands for ET appropriate to the desired system operation; strong

forces on the specimen, directed toward the origin, when the specimen is far



(~1 cm) from the origin; forces directed opposite to velocity and proportional
to velocity (damping); and zero force when the specimen is at (0, 0, 0) and at

rest with respect to the control volume.

A tractable equation of motion is provided by a spring-mass-dash pot
analogue. The solution of these equations can be implemented by the four-coil
system for suitably chosen values of the spring constant, k. The controlling

equations are of the form

= a%s - dp '
F.=m=£ = .kp+b=£ | (1)
T P dt

Where: ET is the force applied to the specimen and whose mathematically
derived direction is toward the origin of the tetrahedral system (0, 0, 0); {) is

. the displacement vector of the specimen from (0, 0, 0); k and b are the 'spring
1/2

constant' and damping term, respectively; b = (4 m k) for critical damping;

and m the mass of the specimen,

For a specified value of k, the controlling equations are defined for
critical damping. The value of k selected depends primarily on the capability

of the individual coils, the resultant field and the specimen material,

The value of k must be judicially chosen. Too high a value would result
in the coils operating near or at maximum current until the specimen gets very
near (0,0, 0). Too low a value of k would result in the neglect of the system's
full capability, Ideally, a unique val_ue for k would be use with a given coil

geometry for each specimen.,
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2,3.,2.2 Current to the Coils

Equation (1) specifies the command force F » i.e., the force to be applied

T
to the specimen., Whether or not the specimen actually experiences the F—‘T
depends upon the equation used to relate the command force to the current to

be delivered to the coils and even more so upon the actual field behavior of the

forces generated,

The solution of Equation (1) assumes that the forces generated off-axis of
the coil are identically equal to the force that would be calculated, for the same
distance from the coil, on the center line. That is, Equation (1) contains no
provisions for variation of the field over the radius of the coil. There is no
simple procedure by which the off-axis effects can be handled mathematically,
save by a solution of the equation of motion with these effects included. This
would lead, however, to a complex servo electronics and, as will be shown,

such complications are necessary.

The block diagram of Figure 2.3-1 outlines the ideal operation of the
system and the approximate approach for which the electronic design has been

completed.

As noted on Figure 2, 3-1, the ideal servo analysis would include the

electromagnetic field and force expressions derived by Fromm and Jehn¥*,

* Fromm, E. and Jehn, H., ""Electromagnetic Forces and Power Absorption
in Levitation Melting, " Brit. J. Appl. Phys., 1965, 16, 653.
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Here the command forces are equal to those delivered, F' = fi » wWhere the

[l
T
i subscfipt denotes the acting coil.

Equation (1) yields the desired electronically implemented command forces.
Employing the approximations to the electromagnetic force equations at 4b of
Figure 2. 3-1 yields currents that, by definition, yield the command forces.
However, if the specimen is off-axis of the acting coil(s), the force experienced
(i.e., delivered) is not equal to that desired, i.e., fi' # fi . The specimen
then does not experience the precise magnitude nor direction of the force
required by Equation (1) and errors evolve. The rﬁagnitude of these errors
and their effect on specimen motion have been simulated when we apply the

command current to coil i, but the force delivered was computed on the basis

of the off-axial forces due to the four-coil system, described in an appendix.

2.3.2.3 Analysis of Postulated System

In terms of the block diagram (Figure 2. 3-1), when currents are calcu-
lated at 4b or 4c, these currents must be used as input for electromagnetic
field and force equations and the true resulting forces examined. Thus, the
actual dynamics of the specimen via the spring equation and either the Fromm-
Jehn equations (4b) or an approximation (4c) are studied relative to what is

actually taking place.

It will be shown that a workable, rather than an exact, solution is

provided by the spring-on-axis approach.
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The electromagnetic force acting on a sphere of radius R2 on the axis
of a coil carrying I amperes in N windings has been discussed previously* and

is repeated here for convenience.

3

R
3 2 2
F =30 n° (NI) A(Y)G(X)(ﬁ';)

, X is the ratio of

y is the specimen-coil distance in units of the coil radius R1

sphere radius to RF skin depth. The function G(x) has been discussed in

Section 2.1.5 a.bove.

‘It has been found that an excellent approximation to the force near the
2
center of the tetrahedron is F = (NI) C1 exp (sz) as shown graphically in

Figure 2.3-2 for the parameters:

Coil Current 45 amp (maximum acceptable)
Diameter of Sphere 1.0 cm

Material Al at 20°C

Distance between Coil Centers 3.05cm

Distance between Center of Coil 1.87 cm

and Center of Tetrahedron

Coil Diameter 2.3 cm

The constants Cl and C2 were determined by fitting the exact expression plotted

in Figure 2,3-2 over the control region near z = 1, 87.

* Frost, R. T., et al , Field Management for Positioning and Processing
of Free Suspended Liquid Materials. General Electric Co., Contract
NAS 8-24683, Modification No. 2, Task IV, Final Report, May 15, 1970,
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These conditions reproduce those for which more elaborate field calculations
are available as well as laboratory measurements (see appendix for computer

program),
As indicated in Figure 2. 3-2, the approximation can be written:

Log F = -1.08z +2.93 (2)
dividing out (NI)Z:

Log F/(NI)2 = -1,08z - 1,33 (3)
or in terms of £ (z = £ +1,87):

Log F/(NI)2 = -1.084 - 3,36 (4)

where £ is referenced to the center of the tetrahedron.

Consider the case of a single coil, given that a force Ei is desired along
the axis. From Equation (4) with N = 3, Iis easily calculated (and easily
implemented electronically). Equation (4) agrees quite well over the control
volume near z = 0 with the more exact solution for the single coil as shown in

Figure 2. 3-3.

Extending the approximation to include off-coil axis positions for two
“and three coils yields the comparison of Figures 2.3-4 and 2.3-5. The
approximation to the left of zero (0) (toward the acting coils) fails completely.
This is expected as it is in this region that the coil field superposition effects
are most significant. On the positive side of zero (0), the approximation tends

to agree rather well with the experimental data,
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Note that although Equation (4) over-predicts forces to the left, forces
are produced out to a distance of -1 cm, as in Figures 2.3-4 and 2.3-5. This
is the basis of the 'workable' solution. Even though the precisely desired
command forces are not delivered, the specimen does experience forces which

tend to move it toward the origin,

2.3.2.4 Coil Vectors

A symmetric orientation of the tetrahedron is shown in Figure 2, 3-6.

Let the edge length, A to B, be 2L, From the geometric properties of
the regular tetrahedron, the unit vectors directed normally from the coils

are:

Elzof-2/3;+JU_31_<'
Ijz=-\/_27§;+0‘]-\/—]7-§-1:
f3: 2/3;+o;-m1_<'
f4=0f+Jmf+ﬁ7'§§

Edge AB || to Y

DC || to X
Face 1 = BDC =Coil 1
Face 2 = ADB = Coil 2
Face 3 = ABC = Coil 3
Face 4 = ACD = Coil 4

Figure 2.3-6. Tetrahedron Orientation



Assume each coil is capable of producing force Fi on a particle, at
rest, at vector position p(x,y,z). It is desired to determine the force Fi’
which each coil must produce so as to achieve a net force in the desired direction,
i.e., in the direction opposite to the position error 1-) The physical problem is
to return the particle to the origin (0, 0, 0) by manipulation of the coil forces.

The direction taken by the particle is determined by the ratio of the coil forces.

If we define a unit vector oppositely directly to the position error,

1_)' = B , the vector problem is then to solve for Fi from the set of equations

p' =& F L , i=1l,..,4 (5)

. . . . =1 .
The direction cosines of the unit vector p are cos &, cOS B, cos y. We require

then that the coefficients of {, j., k in 1-3' be equal to the sum of the I, j-, k,

coefficients of the L's

Let a =/2/3, b =41/3

Then
cosa{=<(F (0))+(aF)+(aF)+(OF4)> (6)
‘cosﬁj-=((aF)+(0F)+(0F)+(aF)> (7)
cosy k = <(bF1) +(-b F,) + (b F,) +(bF4))1'< (8)

The vectors Ei are linearly dependent, but any combination of three of

them are linearly independent. Consider an arbitrary value for p’. In the



physical geometry, 1_)' can be represented uniquely by selecting the three
appropriate coils of the four. That is, a maximum of three of the pushing
(positive Fi) coils will return the particle to the origin. The fourth coil is not
employed. Equations (6), (7) and (8) will form a 3 x 3 system of equations if

one of the Fi' s is set to zero.

The system in Equations (6), (7) and (8) are written in standard matrix

form as
’—o -a a o] Fl cos &
-a o o a F, = cos 8 (9)
_b -b -b b F3 cos ¥y
) Fa

(A")

Since these three equations do not yet determine the four force components F.

2

one more relation involving the F's is required. We may excite the coils in such

a manner as to give a fixed arithmetic sum for the four force components:

2 Fi = C, a constant (10)
i
Then
= 11
F1+F2+F3+F4 C (11)



Set C to 1. Then

[ o -a a o | rFJ [cos a
-a o) o a F2 cos 88
b -b -b a F3 cos Y
i 1 1 1 1] LF4_ i 1 ) (12)
A F p’
So that
-1 .
F = A p (13)
Substituting a and b in A and inverting yields
[ o -c d e ]
-c o -d e
Al -
c o -d e
c d 4
| o e (14)
Where
c = 0.61237273
d = 0.43301290
e = 0,25000000 (15)

Thus, given 1_)'(x, Vs Z), Fi is determined from Equation (13).



A number of solutions to equation (12) have been obtained and can be

summarized as follows:

Case For E— ! General Result
(1) Not in the plane of one - F force, three + F forces
two coils
(2) In the plane of two coils two equal - F forces, two + F
forces
(3) Along one coil axis three zero forces, one + F force

The negative F forces occurring in Cases (1) and (2) are due to the fact
that system of Equation (13) is dependent and there is no way to.mathematically
restrict the signs of Fi. The negative forces are very easiiy handled. Since
any one of the Fi' s can be resolved into components on the other three, the
negative F of Case (1) can be resolved onto the three positive Fi' s. It can be
shown that this resolution is accomplished by simply adding directly the
absolute magnitude of the negative F to the magnitudes of the other forces.
Note than when this manipulation of the negatives is performed, the constraint
Equation (11) is broken; i.e., % Fi # C or 1 as for Equation (12). This is un-

important as it is the F ratios that are desired at this stage.

= -k

o] o]

The above analysis is the '"'coil solution'' to the equation

where k ='l., The second term (damping term) of the equation

ey H| |

velocity =

a3
b a—?) is handled in an analogous manner. The velocity data provided by the

position sensor electronics, x, y, z is resolved onto the coil-origin axis and

the vector sum of the position term and velocity term is taken along each axes,



i.e. F, = F F, .
e Fi Fi(position) * i(velocity)

Again, any negative forces arising are resolved onto the positive (pushing)

forces.
2.3.2.5 Resulting Control Equations

The control equations define the current, Ii’ to be delivered to each coil,
To perform this calculation we must first calculate the negative of the position
vector p resolved on each coil vector, !Zi. These are given below for the

tetrahedral geometry.

L= +.J2/3
J2r3

L, = -N2/3 x +V/1/3 z
V273 y -V1]3 =

L = -

These functions are differentiated to obtain Li , for the damping term.
The force required of each coil is now calculated from the above using the

spring-mass-dashpot form of solution

F. = +tK 4, +b 4,
1 1 1

As discussed previously, the magnitude of negative forces are added to each

of the other three forces so that a positive (pﬁshing) solution is obtained. The



force required is at this point to be considered a constant and the current for

each coil is given by the approximation to the Fromm-Jehn solution by

(m £, + n)
e

1

where m and n are scaling constants. These constants are chosen so that
maximum current is delivered before a specimen approaches the minimum

force position among three coils,

2.3.2.6 Mechanizing Electronics

A complete electronic block diagram and schematic is contained in
Appendix A. The implementing electronics of the coordinate conversion
equations is depicted in Zones B10-D10 to B8-D8 in GE Drawing ER 47J225305,
Sheet 1 in that appendix. The Force/Current Computation electronics are
shown in Zones A8-D8 through A3-D3 on the same drawing. As noted in that
appendix, the design effort on these circuits had not been completed nor test

circuits built at the time of contract termination.

2,3.3 Analysis of Motion of Aluminum Specimen in Four-Coil System

A limited number of computer simulations were made to study the capture
capability of the four-coil system. Each coil was limited to a maximum 45
amps. The analytic field solution was employed in the analysis. Although
differences exist between these solutions and the experimental measurements,
the two agree well enough (see Figures 2.3-3, 2.3-4, 2.3-5 to warrant use of the

field solution.
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The specimen material chosen was an aluminum sphere of 1 cm diameter,
An arbitrary temperature of 700°C was assigned and the skin depth calculated
at this temperature is 0, 04 <8 < 0. 05 cm depending on coil frequency. The

frequencies assigned were 105, 1.16 x 105, 0.78 x 105, and 0,84 x 105 Hz.

2.3.3.1 Sting Position 1

The specimen position selected for the first runs was that shown in
Figure 2. 3-7 with the coil number designations as indicated in Figure 2. 3-6
This was one postulated position in effect when work on the contract was
terminated. However, this position is unacceptable since the action of the

postulated control is to eject the specimen completely from the control volume

STING

‘o
colL I |

Figure 2.3-7. Sting Position 1
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At the position location of the specimen as given above, off-axis effects
of Coil 3 are significant. Presuming that the direction of first motion of the
specimen is in the direction of the total force vector given by Gray/Wouch,
the specimen was ejected from the system for initial velocities of 0.0 and 0.5

cm/sec.

This result was due primarily to the force component perpendicular to
the Coil 3 center line. The initial motion is indicated by Vo in Figure 2, 3-7,
Note that Coil 1 cannot aid in establishing motion toward the origin (0, 0, 0),
The specimen is thus moving in the volume defined by Coils 3, 2 and 4 (Coil 2
and Coil 4 are not shown). This combination puts the specimen in the weakest
position of the system, i.e., approaching the three coil symmetry line where
"negative'' (expulsive) forces exist beyond about 0. 65 cm (Gray/ Wouch results)
or 1 cm (lab results). The specimen eventually enters the '"'negative'' force

volume and is expelled,

2.3,3,2 Sting Position 2
A second specimen position was chosen so that the axis of the sting
lay along the Coil 3 center line and was 1 cm from the origin (0,87 from Coil 3),

The initial motion here is along the center line,

Results of several runs from this position are shown in Figure 2, 3-8,
Up to 3 cm/sec, initial velocities are managed by the system such that critical

damping is achieved., Between 3 and 3.5 cm/sec, the specimen overshoots the
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origin but is eventually turned around and damped. Between 3.5 and 4.0
cm/sec, a velocity exists such that the three damping coils (Coils 1, 2 and
4) cannot handle the initial velocity if limited to 45 amps/coil, The result

is ejection of the specimen,

2.3.3.3 Sting Position 3

The unacceptability of Sting Position 1 indicated that a change in the
sting location and orientation was necessary. Sting position 2 yielded well
controlled specimen motions for reasonable initial velocities, No hard data
were available on "wetting'' properties of various candidate materials and
therefore initial expected velocities could not be accurately predicted. The
sting position chosen for this simulation is sketched in Figure 2,3-9 and
represents a mechanically feasible configuration as compared to Sting
position 2, The sting enters the control volume between Coils 2 and 4 (not
shown in Figure 2.3-10). This location would permit a relatively strong
force to be developed by Coils 2 and 4 working in concert to lift the material
from the sting in case it "sticks'' due to some partial wetting of the sting
platform by the molten specimen. The initial velocity is, in effect, aimed
toward the center of the control volume to permit effective utilization of

Coils 1 and 3 as retarders.

2.3.3.4 Ejection Geometry and Constraints for Sting Position 3
1. Coil to coil separation: 3.05 cm

2, Sphere radius: 0,5 cm
Coil radius: 1.15 cm



Figure 2,3-9., Geometry for Sting Position 3
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3, Release: sphere off parallel to longitudinal axis of sting and toward

origin,

4, Coil forces: Data are shown in Figure 2, 3-10 for two coils with

I=45amps, N = 3.
5. Problem geometry: Figure 2.3-9,

6. Material properties (molten):

6, Skin Depth, cm Mass,
at 10 Hz, (lcm dia, spheres) G (x) *
Silver (Ag) 0,066 4.97 0. 802
Copper (Cu) - 0.073 4.29 0.781
.Aluminum (Al) 0.078 1.24 0.901
Iron (Fe) 0.188 3.58 0. 428
Nickel (Ni) . 0.147 4.48 0.555

*See Section 2.1.4

2.3.3.5 Procedure

From Figure 2.3-9, the kinetic energy imparted to the sphere at the sting,

> :
namely, 1/2 mv , must be removed by the force experienced by the sphere over

the distance 2(1.08). This is equal to the average force over the distance times

- the total distance, &A1l.

0.5 mv

[ F(1) dl g dl]él
RISV

[ 2 od )
= |G(x) I C(1) d1 dl}Al
L * j-z /I_z



The bracketed term on the right can be evaluated from Figure 2.3-10 by

numerical integration of ¥, (from -1.08 to 1. 08) and then dividing out G(x) and

T

IZ., The average force exerted is

Fo (1) = Gx) % 3.48 x 107> (18)

Here mixed units are used, the force in dynes and the current in amperes,

In Figure 2.3-10, F_ = 6.4 dynes. Equation (18) is used instead of the

T

more familiar;

F = 3/50 (NI)° A(y) G(x)(R2/R1)° in MKS units. (19)

Figure 2.3-10 is presumed to be the more accurate description of the force

function due to the two ''stopping'' coils, 1 and 3.

From Equations (16) and (17)

1/2

vV = [2,*3,48x10'3* Zolé*G—(X—):I 1 (20)
() m

and

I = 8.16 (m/G(x))l/2 \' (21)

* Frost, R, T., et al, Investigation of the Preparation of Materials in Space,
Task IV, Field Management for Positioning and Processing of Free Suspended
Liquid Materials, Final Report (U), GE-SSL for NASA, Contract No.
DCNI1-9-54-20055, 52, 15 May 1970, Pg. VII-5.
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2.3.3.6 Results
Figure 2. 3-11 shows the application of Equation (21) for the five molten

materials examined,

As may have been expected, aluminum, because of its light weight and
small skin depth, is the least current demanding. At any ejection velocity Vo’
the other four materials (Cu, Ag, Fe and Ni) require from 2 to 2-1/2 times

the current necessary to stop an Al sphere.

For a maximum coil current of 45 amps, the maximum tolerable ejection

velocity for the five materials are

Maximum Sting Velocity for

Molten Material Maximum Coil Current 45 amps
(1 cm sphere dia) (cm/sec.)

Al 4. 37

Cu 2,36

Ag 2.22

Fe and Ni 1.92

Note that the ejection geometry as postulated confines the sphere to the
plane containing the axes of the two stopping coils, Should the sphere have a
velocity component out of this plane, Coils 2 or 4 (not seen in Figure 2. 3-9)
will act (via the servo system) to restore the sphere to the plane. This force
will however tend to increase the apparent sphere ejection velocity, "fighting'

Coils 1 and 3. If ejection parallel (or nearly so) to the sting longitudinal axis

2-41



-1

Veloceity - em-sec

TT T 1T T T T 1T T T T T T T T

Sphere Ejection Velocity from Sting vs. Coil Current Required to Prevent Escape

I, CURRENT PER COIL - 2 COILS ACTING IN PLANE

Figure 2.3-11. Sphere Ejection Velocity for Sting Position 3



cannot be assured, the results herein are to be viewed on the optimistic side.
That is, the in-plane case represents the best (current conservative) configura-

tion for handling an ejection velocity, v.

2.3.4 Specimen Capture

After each specimen has been melted, and then has again become solid,
it must be removed from the positioning coil system to make way for the next
specimen to be melted. To do this, the position control system places the
specimen to be ejected in a location from which one or more coils acting
simultaneously ;:an push the specimen from the interior of the set of coils.
Several techniques were considered to prevent ejected specimens from returning
to the vicinity of the coils and electron beam once they had been ejected. They |
are listed below using the words capture or non-capture depending upon the

degree of confinement resulting from each technique.

2.3.4.1 Non-capture, Freely Drifting

| During the course of the experiment the entire apparatus will experience
an acceleration due to the drag of the atmosphere upon the vehicle, due to
gravity gradient effects and due to rotation of the vehicle (if any rotation exists).
Any acceleration relatively constant in direction will cause freely drifting
specimens to drift to one side of the vacuum chamber and to congregate there.
If the net acceleration upon the experiment is in a suitable direction for a
sufficiently long time the ejected specimens would remaiﬁ away from the coils

and electron beam.



2.3.4.2 Non-capture, Inelastic Rebound

The technique described above could be improved by decreasing the length
of time it takes each specimen to attain a relatively motionless state if an energy
absorbing surface were placed in the path of the ejected specimens to deflect and
reduce their velocity or if an energy absorbing surface were placed somewhere
in the vicinity of the region in which they congregate. This latter surface might
be a sticky surface of a suitable material, such as a low vapor pressure vacuum
grease, to be certain of each remaining in that region. Materials used to
decrease the speed of ejected specimens would have to tolerate contact with the
hot metal spheres and the degree of outgassing produced by this contact would
have td be evaluated to determine to what extent such outgassing would necessitate

delaying the melting of subsequent specimens.

2,3.4,3 Capture, Fiber Trap

The use of very fine metallic fibers to construct a valve-like device was
considered at length in response to the desire for a simple passive means of
capturing processed specimens on or in the wheel to which they were initially
attached. In this technique one or more fibers are installed around the mouth
of a cavity. If a specimen ejected from the coil system possesses sufficient
kinetic enérgy to deflect and pass the fibers but insufficient energy to rebound
out, each specimen could be stored in the wheel in the same order in which they

were initially while yet attached to the wheel,



Several tests were performed to assess characteristics of such a tech-
nique by using a pendulum-like apparatus which permitted a metal sphere of a
size comparable to that used for the specimen wheel study to swing into a
"capture port' at several known speeds. The result of these tests indicated
that kinetic energy at least of the order of 40 ergs is required to operate such
a capture device successfully. This concept is therefore marginal for use
with the low forces dictated by the very limited power availability for this

experiment from the M512 facility.

In order to carry a greater number of specifnens on each wheel the melted.
specimens might be collected in a separate container thereby allowing the space
formerly used for stowage cavities to be used to attach more specimens to the
wheel, The fiber trap technique could also be applied to such a container.
However, because it does not assure passage through the port in-the event that
one or more previously captured specimens are in or near the port, thereby
blocking the entry of another specimen, it was abandoned for this application

in favor of one of the following techniques.

2.3.4.4 Capture, Coil

A desirable technique for operating a port in a collection box is to place
a coil a.bout the port and operating it, in a manner similar to that used for the
positioning coils, to repel previously captured specimens from the port. The
coil could be turned on only as commanded by ''specimen-sensors'' (e.g., light

emitting diodes paired with light detecting diodes) or it could be on continuously
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to be turned off by logic circuitry whenever a new specimen is to be sent into
the box. Such a coil would have to be placed far enough from the positioning
coils to prevent the mutual induction between it and any one of the positioning
coils from being large enough to cause a disturbance in the servo-positioning
system., The passive techniques, described in Sections 2. 3.4.1 and 2, 3. 4. 2,
could be applied to the captured specimens to minimize the chance that an
incoming specimen could collide with a previously captured specimen in such
a manner that it could rebound out through the port before the coil could force

it into the container.

2.3.4.,5 Capture, Door
An alternative to the preceding capture, coil technique involves the sub-
stitution of a door or gate which opens inward to accept new specimens at the

same time pushing previously captured specimens away from the port.,



2,4 FOUR-COIL ENGINEERING DEVELOPMENT BREADBOARD

In order to perform functional tests of the four-coil configuration involving
forces, coil interactions, position sensing (electromagnetic, infrared and
optical), impedance matching circuits and general servo behavior, a bread-
board was constructed. The construction was done simultaneously with other
studies such as position sensing, coil optimization, mechanical considerations,
etc. The most important contribution made by this breadboard was a full three-
axis control demonstration of a free and neutrally buoyant hollow aluminum
sphere. Demonstrations were performed and a movie was taken (included as
a part of this effort) of this sphere immersed in a mixture of silicone oils or
in a brine solution, The set-up can be seen in the photograph, Figure 2.4-1,
where the white ball (representing the levitated specimen) is visible centered

in the liquid filled glass sphere.

Figure 2.4-1.




2.4,1 Electronic Circuitry

The electronics conformed closely to the circuitry for the proposed
system in all respects except for the infrared position sensing and the
coordinate converter. These last items were not complete at that time so they
were not incorporated. Instead, the ball corresponding to the specimen was
painted white and illuminated by several incandescent lamps. Position sensing
was accomplished by three single axis sensors which required no coordinate
converter., The sensors and incandescent lamps can be seen by careful examin-

ation of Figure 2.4-1,

2.4.2 | Position Sensing

The single axis sensor looked into the enclosure between two coils at their
closest approach (mid-way between vertices) and was aligned so that the
position error was sensed along a plane containing the sensor and the centers

of the two opposite coils, as shown in Figure 2.4-2.

Figure 2.4-2. Direction of Sensed Error on Breadboard



In Figure 2.4-2 the arrow shows the direction of the sensed error. This error
drives either Coil 1 or Coil 2 depending on whether the specimen is above or

below the center of the facility.,

There are two other sensors similarly placed between other pairs of
coils so that position information is available on the specimen throughout the
coil volume for a two centimeter radial displacement of the specimen from the

center of the coil facility. |

If the preamp design for infrared position sensing had beén completed,
the four-coil breadboard could have been reworked to use it with the single
axis sensors, both the single axis and dual axis (4 quadrant) sensors being
silicon junction devices. To use infrared position sensors, a vstainless steel
bob was to have béen suspended on a long pendulum and heated in an induction
heater. The hot pendulum bob would then be transferred to the four-coil

facility for tests.

2.4.3 Test Procedures

All test runs using the four-coil breadboard were with the neutrally
buoyant sphere. Four switches were added to the position sensing circuits to
‘displace the ball in the facility which can be seen at the upper right hand
corner of Figure 2,4-3., Actuating a switch caused the sphere to move in an
érbitrary direction. Releasing the switch enabled the servo to re-center the

sphere in the coil facility. Four switches provided four directions for sphere
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Reproduced from
est available copy.

Figure 2. 4-3. Complete Four-Coil Engineering Breadboard
displacement. This displacement was accomplished by introducing a position
voltage in one of the position sensor amplifiers for the servo to null out by
moving the sphere away from center. Simultaneously, the other position

sensor amplifiers are disabled.

2.4.4 Schematic
A full schematic is given in GE Drawing ER 47E225310 included as
Figure 2.4-4 in this report. Figure 2.4-5 depicts the wiring for the positioning

switches and is used with Figure 2,4-4.
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Figure 2,4-5. Sensor Coil Deflection Test Switches
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2.5 POSITION SENSING AND SERVO SYSTEM

2.5.1 Optical Position Sensing

The location of the hot specimen inside the coil system was determined,
in the reference design, by a four quadrant sensor in a suitable optical arrange-
ment that detected energy radiated by the specimen in the near-infrared spec-
trum. Electronic preamplifiers and a divider, to normalize the amplitude
variation of the cooling ball, provided signals to the coordinate converter

proportional to errors along three orthogonal planes.

2.5.,1.1 Molecular Environment

The position sensing system was to operate in a vacuum chamber. Since
the experiment consisted of melting metal spheres, metal vapor would be the
most significant contaminent during the experimental period., Calculations
were made to determine the thickness and optical properties of the metal
films deposited on surfaces in such an environment, For aluminum spheres,
a metal film of between 10 angstroms and 100 angstroms thickness would be
deposited on exposed hardware surfaces during a period of approximately one
second at a radial distance of two centimeters from the source. The melting
phase of the experiment was expected to last for perhaps two seconds for each
specimen, and since metal films of 10 angstroms to 100 angstroms thickness
are opaque to the visible and near infrared radiation, it was evident that trans-
missive optical components, if used, could not be directly exposed to the metal

vapors.
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2,5,1,2 Thermal Environment

The electron beam used to melt specimens would be operated at a power
of about 1. 6 kilowatts for between two and four seconds per specimen. During
this period of time, between 4000 and 8000 joules of energy would be deposited
in the specimens and the attached sting. This energy must be either radiated
or conducted away by equilibrating physical processes. The nearness of the
optical system and its associated housing to the target specimen would influence
the portion of the total energy that would be absorbed by these components. A
large portion of the energy absorbed in the specimen would be bconducted away
through the sting to the relatively massive support wheel and associated support
mechanisms (see Figure 1,1-1). The remaining mode of energy transfer would
be through a radiative process, Fortunately, the thin layer of metal vapor
deposited on the optical system and associated housing will effectively reflect
the incident thermal radiation falling on the sensor subsystem. Since, how-
ever, all the other parts of the chamber undergo similar vapor treatments, the
amount of radiation which would be received by the optical subsystem was

difficult to evaluate exactly.

Calculations were made in which it was assumed that all the energy

' radiated from the hot spheres into a solid angle subtended by the proposed
optical systems were absorbed. The optical subsystems were in good thermal
contact with a large heat sink, The calculation showed that we could expect

only a few degrees centigrade rise in temperature within the optical housing.



Therefore as long as reasonable precautions were taken to ensure a good heat
sink for the housing of the optical components and that the housing itself be
v

made of highly conductive material there would be little problem with thermal

conditions in the optical positioning devices,

2.5.,1.3 Thermal Gradients

Both the positioning sensors and the temperature measuring sensors
(Section 2. 6) would be affected by thermal gradients within the specimen. In
a NASA f{film showing the melting of a 0.5 cm diameter sphere, temperature
gradients within the sphere were clearly visible. This could result in a false
interpretation of the position of a specimen. A one centimeter diameter
specimen would perhaps increase the magnitude and spatial extent of the therma.l'
gradients owing to the eight-fold increase in its mass and a decrease in the
ratio of its area to volume. The control system as presently conceived would
force the specimen into a position which corresponds to the centroid of the

energy emitted from the specimen.

2.5.1.4 Optical Line-of-Sight

A constraint on the optical line-of-sight for the position sensing system
was that within the tetrahedral geometry of the coils there be a spherical
control volume of four centimeters diameter., If the specimen was anywhere
within this control volume the position sensor must not have an ambiguity in
its control function output. Stated simply this means that the specimen must

be controlled back to the midpoint of the volume and not ejected if it was
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contained within this volume. A second condition which must be taken into
account was that the housing for the optical system should not be closer than
approximately two coil diameters from any particular coil so as not to in-
fluence the field about this coil. In addition we desired the fewest required

number of sensors so as to minimize the number of components of the system.

Figure 2,5-1 shows the schematic configuration of the location of the two
optical positioning sensors. Each sensor consisted of a pinhole lens system, a
folding mirror, a detector, and optical filter, These sensors were placed at
two of the corners of a tetrahedron configuratioﬁ; the control coils of which
were on the faces of the tetrahedron. The size of the detector and the "focal
length'' of the pinhole lens was chosen so that an inscribed sphere of four
centimeters is completely within the optical field-of-view of the sensor and
there are no areas which vignette within this field-of-view, The two sensors
were used to define a three-axis cartesian coordinate system. The detector
. within each sensor was a four quadrant PIN-Si photodiode. A four quadrant
detector can be used to define a two-axis coordinate system within the plane
of the detector by judiciously summing the outputs in the proper fashion from
each quadrant of the detector. When the image of a sphere is exactly on the
center the outputs from all four quadrants are equal and a null signal can be
obtained. By employing two such sensors we can define the three-axis

coordinate systerm within the tetrahedral geometry as follows.



Sensor C

Figure 2.5-1, Optical Sensor Orientation

Figure 2.5-2 is the same as Figure 2. 3-6 but is repeated here to
simplify the explanation of the relation of the optical sensors to the coordinate

system utilized.

Edge Length = 2L =S

Y Edge ABI| Y
DC| X

Face 1 = BDC = Coil 1

Face 2 = ADB = Coil 2

Face 3 = ABC = Coil 3

Face 4 = ACD = Coil 4

Figure 2.5-2, Tetrahedron Orientation
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Locating an optical sensor at point B (O, L, L’) we can rotate the detector
so that the XB axis, that is a local coordinate axis within the detector, is
parallel to the X axis within the tetrahedron. Any motion of the specimen
aiong the X axis within the system results in movement of the specimen image

along the axis of the detector in accordance with the following equation:
X = (M/f)XB.

Where M is the distance from the pinhole lens to the center of the coordinate
system; f is the '"focal length'' of the pinhole lens and equals the distance from

that pinhole to the detector; and X is the position along the axis in the

B

detector plane parallel to the tetrahedron X axis. Another detector located at
point C can be oriented so that its axis is parallel to the Y axis within the
tetrahedral geometry. A similar equation is derived for the motion of the

image on this detector in terms of motion within the tetrahedron; i.e.,

Y = (M/DY .

Motion of the specimen along the Z axis within the tetrahedron is given by a
combination of the motion of the image on the detector at point B and the per-
pendicular axis (which axis lies in the plane defined by the system X and Z

axes) within the detector at point C, and the following equation is derived.

z
1 1
ot Zg o Cos 54°44 +—=Sin 54°44 "
= i 4 - =S 44 | - M
z [zc (M/£)/Sin 54°4 = Cos 54 — % 1|3 Xy
Sin 54°44 - f—c Cos 54°44



The electrical signal for each axis of motion is determined by the responsivity

of the detector to motion of the image on the sensitive element.

Figure 2.5-3 shows the relative output from the detector packages versus
displacement of a specimen from the center of the tetrahedron. This function
is single valued for all points within the control volume for a given specimen
temperature. Since the temperature of the specimens would vary, we must
normalize the output as a function of the absolute output from the detectors as

will be discussed in Section 2.5.1.7 below.

2.5.1.5 Signal-to-Noise Ratio for Position Sensors

‘Since multi-element arrays were necessary to define the coordinate
system within the field-of-view and, in the early considerations of detectors
we were also attempting to measure temperatures of the specimens with the
same detectors, several different detector types were considered. A multi-
element array of detectors of perhaps PbS and PbSe were found to be both
expensive and long lead-time items. The temperature sensing element was
therefore separated from the position sensing element employing the relatively
low cost off-the-shelf silicon multi-element arrays for position sensing.

Temperature sensing development is discussed in Section 2, 6 below.

The signal from a silicon detector placed at the foregoing positions in the
tetrahedral geometry is controlled by the absolute temperature of the specimen,

the specimen emissivity, the aperture of the pinhole lens, and the responsivity
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of the detector element. For the purpose of calculation, the average
emissivity from typical candidate specimens was assumed to be approximately
0.1. The size of each of the specimens was to be one centimeter in diameter.
The aperture of the lens was assumed to be two millimeters and the responsivity
of each of the detectors from published data by United Detector Technology is
0.5 amps per watt. All of the candidate specimens were estimated to solidify
by about 800°K and this defined the lower temperature limit for the control
system. Conversely all candidate specimens would melt below a temperature
of 1773°K defining the upper temperature limit and demarcating the dynamic
range requirements of the position and temperature sensors. The calculations
were 'performed for a specimen at the null position in which the sum of two
detectors each seeing one quarter of the specimen were added tégether., A

-10
minimum output current was calculated to be 3.3 x 10 amps.

The noise associated with each of the detectors is controlled by the
electrical bandpass of the system and the leakage current at the silicon junction.
A safety factor of ten from the published data was incorporated into the design
figures. The output electrical noise in a 100 Hz bandpass is on the order of
8 x 10-11 amps. An additional contribution to noise would be false signals
from elefnents within the field-of-view not associated with the specimen.

For calculation of these signals it was assumed that the background consisted of
a blackbody at 300°K with an emissivity of unity. The output resulting from this

assumed background would be 4 x 10—19 amp and therefore could be
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totally neglected. Figure 2.5-4 shows the signal-to-noise ratio for two cells
versus the temperature of candidate specimens for the null position, It is
worth noting that at a temperature of SOOOK, a signal-to-noise of approximately
ten was expected. Since in this application the dertectors were operating in a
differential mode, the accuracy of the null position would be controlled by the
noise output from the detector elements. Attention must be called to the very
low current levels expected and to the extreme precautions required in the

design of the electronic shields.

A definite improvement in signal-to-noise ratio could be achieved throﬁgh
the use of a mechanical chopper, such as the Bullova Tuning Fork Choppers. |
However, questions of reliability in the functioning of a chopper in this
metallic environment led us to attempt to operate in a dc fashion, The design
however does not preclude the use of such a chopping system and if actual
testing of the breadboard equipment would demonstrate the necessity of im-

. proving signal-to-noise ratio then such a chopper could be added at a later

time.

2.5.1.6 Mechanical Design

An engineering model of a combined position and temperature sensor
was constructed and housed in an aluminum case which is 1.15 by 4.5 inches
long (exclusive of connectors) by 1.2 inches high. Figure 2.5-5 is an outline
drawing of the prototype assembly and Figure 2. 5-6 is a photograph of the

unit fabricated together with the temperature sensor electronics in breadboard
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form. Each sensor, that is the position and temperature sensor, sees the
entire control volume by means of a pyramidal mirror structure and though
its own aperture. The mirrors are utilized to fold the optical path and permit
both sensors to view the control volume. They also serve to introduce a re-
flective optical element in the optical path from the hot, potentially evaporating
specimen., Any vaporization deposits will have a negligible effect upon the
performance of the front-surface mirrors and because of the folded optical
paths, they would not reduce the transmittance of the refractive optics.

One aperture serves as the pinhole lens for the position sensof, the second
aperture simply limits the total field of the temperature sensor to be some-
what larger than the control volume. An optical filter in each path rejects

the visual portion of the optical spectrum. This filter is used to prevent
spurious signals from entering the detectors due to the photo floodlamp used
in conjunction with the motion pictures that were to be taken during the
melting experiments. At each end of the case is a connector which connects
.the respective detectors to the appropriate electronic circuitry. The
mechanical design serves as almost a continuous electro-magnetic shield to

prevent spurious radiated signals from entering the signal channels.

Only one of the sensor elements would contain both temperature and
position sensing elements. The second sensor would contain the position
sensing element alone. As noted in Section 2.5.1.4 above, the other sensor

is required to supply the third axis of positioning information.
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2.5.1.7 Electronic Circuitry Design

An optical schematic of the quadrant detector and aperture, without the

flat mirror, is included in Figure 2.5-7.

+Y
:Z___«.__._J :'} ﬂ Hot A
) Specimen

: A erfure
-V P _

Detector

Figure 2.5-7. Optical Schematic for Y and Z Axes

The specimen is shown displaced in "Y' so that detector quadrant -Y is
illuminated more than +Y, The photo-generated current in -Y exceeds that
~in +Y by the amount of the error. Note that all the radiation passing through
the aperture falls on the four quadrants. This requirement must be met in
order to normalize the amplitude variation due to the cooling specimen,
Normalizing for changes in temperature and emissivity is done by dividing
the differential output of opposite quadrants by the sum of all four quadrant
outputs. This scheme is depicted schematically in Figure 2.5-8 and the
proposed implementation is shown in Zones B10-D10 to B12-D12 on Drawing
ER 473225305 of Appendix A. As noted in the preface to that appendix, these

circuits had not been completely developed.
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Figure 2.5-8. Conceptual Schematic of Normalizing Circuits

The output of the dividers is accurately proportional to the specimen
displacement so long as the specimen temperature is high enough to produce

‘a workable signal, and all radiation through the aperture falls on the detector.

The arrangement for the X axis is different in that two quadrants are
parallel as shown in Figure 2.5-9 so that +X is from these quadrants and -X
~is from the opposite two quadrants. Implementation of these circuits is

included in the Appendix A in the same area as mentioned immediately above.

Laboratory measurements using a blackbody source (IR Industries
Model 406) produced a preamp output of 10 volts at a source temperature of

1000°C and 0. 035 volts at 590°C.
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Figure 2.5-9. Optical Schematic for X Axis

2.5.2 Electromagnetic Position Sensing

2.5.2.1 Basic Concept

The presence of the specimen in the alternating magnetic field gives
rise to two changes in the coil's properties. The specimen will absorb power
from the field and, due to the induced magnetic dipole, it will decrease the
" inductance of the coil. Examination of Figure 2.5-10 shows that both these
factors tend to reduce the power factor angle 6 of the coil. Both the above
effects are increased as the field amplitude increases. Consequently, if
the specimen approaches a coil the power factor of that coil will be reduced.
The pow.er factor angle then could be used, under the proper conditions,

to determine relative ball position within the coil system.

The electromagnetic position sensing system developed under this

contract sensed the power factor angle of one coil and compared it to the
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Figure 2.5-10. Phase Relationships in Coil

average of the other three coils to define the specimen position relative to the

coil system. The block diagram of this system is shown in Figure 2.5-11,

Figure 2.5-12 depicts the waveforms and the reference pulse which
represents 68, The dotted curves show the waveforms when the specimen is

close to the coil,

2.5.2,3 Operation

The voltage and current waveforms are normalized by using a zero
cross-over circuit providing from that point on the bipolar switching signals,
preserving only the phase of the two waveforms, V and I are defined as the
positive half-cycles of the waveforms and V and I are the negative half-cycles
of the waveforms. The logic provides a reference pulse only when the two
waveforms are of opposite polarity. All reference pulses from all coils are

of the same height and are exactly proportional to the respective phase angles
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in width. If all pulses have the same average value, then all coils have the
same power factor angle and the specimen is centered. Under this condition,

the position error to the servo of each coil is zero because

K6 K8 K6
K6 2 + 3 + 1= 0 = error of coil #1
1| 3 3 3 |77 °

If the specimen moves toward coil #1, then K61 is reduced and KGZ,

K93 and K64 are increased and

K6 K6 K6
2 3 4
Kal‘[3 o f 3]<0’

so coil #1 has a negative position error. At the same time coils 2, 3 and 4
have a positive position error. In the servo, a negative error increases the

power amplifier drive so as to repel the specimen from that coil.

2.5.2.2 Electronic Circuitry

The basic scheme of electromagnetic position sensing had been devised
and demonstrated under Contract NAS 8-24683, Under the aegis of the present
contract, the concept had been developed for use with the tetrahedral coil
configuration. The schematic of a single channel the circuit developed is
depicted'on Figure 2.5-13, A breadboard incorporating electromagnetic
sensing channels for all four of the tetrahedral coils was fabricated and is
shown in Figure 2.5-14. Check-out was completed for the channels associated

with the three coils in the breadboard which had upward directed force
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components before contract termination. With these three channels operating,
the capability of the system was demonstrated to move a simulated specimen
suspended from a fine wire. No effort was exerted on the fourth channel

since it was not utilizing in controlling a specimen suspended as a pendulum

in the laboratory.
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2,6 TWO-COLOR PYROMETER

2.6.1 Overall System Description

Calculations were performed to show the feasibility of using a dual

detector system consisting of a silicon detector with a lead sulphide cell

immediately behind it, This detector system was purchased from Electro

Nuclear Laboratories (ENL), Menlo Park, California, and made into a sensor

head package that included a small circular aperture, deflecting mirror and

IR filter as sketched in Figure 2, 6-

Hot Specimen

Ny Aperture~”

1.

IR Filter

JFEEEZ

——Silicon Element
—— Lead Sulphide Cell

e

/

/; Si Log Amplifie

F t Mi
- ront Surface Mirror

PbS Log Amplifier

\\>—"—Te1emetry

%—Meter

Figure 2.6-1. Two-Color Pyrometer Block Diagram

The radiant power from the hot spherical specimen passes through the

aperture'and is reflected by the mirror, through the IR filter, and then onto
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the sensor head. The emitted radiation in the wavelength range upto 1.1 u
is absorbed by the silicon cell which generates an e. m. f. that is proportional
to the radiation absorbed. The longer wavelengths are transmitted through
the silicon cell so that they fall onto the underlying Lead Sulphi.de cell where

they are absorbed to produce an increase in conductivity.

Over the temperature range of interest (8000K-l7000K) the signal
dynamic range produced by the silicon cell is 105:1 and that of the Lead
Sulphide is 102:1., The parameter produced by the cells that can be uniquely
related to temperature (for a black or gray body) is the ratio of the two out-
puts; i.e.,

VPbS

VSi

= F (T).

Since the ratio of VPbS/VSi itself covers a wide dynamic range the signals
from the two cells are amplified by log amplifiers and the ratio of the two
cell outputs are fed into a differential output, so that the output signal is

then a function of the ratio of the two outputs. Thus

v
VP‘bS = F(T)

Si
AVout = log (VPbS) - log (VSi) = log F (T).

The sensing system should be independent of the amount of energy received

(i.e., the size or emissivity of the hot sphere), and only dependent on the
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amplifier. Differing time constants and thermal capacities of the PbS cell

cell and thermistors cause an imperfect balance to exist in practice but

the magnitude of the error introduced is not larg¢ enough to cause very serious
inaccuracies, The cell output passes through a follower of high input impedance
and then into a divide-by-four circuit before being amplified by the logarithmic

amplifier. The latter has an FET, 2N3823, as the logarithmic element.

The silicon cell drives current into what is essentially a short circuit
load; i.e., the virtual ground of the 40J operational amplifier with the FET
feedback providing the logarithmic response. The silicon cell drive current

covers the range from 10-10 amps to 10-5 amps.

The outputs from the two logarithmic stages feed directly into a 40J

operational amplifier operating in a linear mode.,

2.6.3 Circuit Setup and Tests

The amplifying circuitry for the lead sulphide cell and silicon cell were
tested as separate entities. Test input circuit configurations were set up and
the logarithmic responses checked over the expected input signal dynamic

range; the output point monitored was at the output of the logarithmic stage.

2.6.3.1 Electronic Current Tests
The input test circuit was as shown on Figure 2,6-2. In the initial
state the voltage at A was set to the smallest achievable positive voltage. The

trimming resistance on the logarithmic amplifier was then adjusted so that the
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ratio of the signals developed by the two detectors. The output of the

amplifying electronics, in the experimental configuration, is monitored by a

digital voltmeter.

2,6,2 Circuit Description

The complete circuitry up to the input of the telemetered or recorded
signal is shown in zones A8-Al0 on Drawing ER 47J225305, Sheet 1 in Appen-
dix A, The lead sulphidé cell is biased with a total voltage of 25.4 volts; its
‘series load is not optimum in terms of signal sensing efficiency but is
optimized for stability in the d.c. output at the cell load-cell junction. The
load consists of two thermistors, type FA425 made by Fenwal Electronics,
each of which has a nominal resistance of 20 KQ at 22°C. In series with
the thermistors is a 1% tolerance resistor of value 66 KQ and a trim
potentiometer of 10 KQ. The thermistors are bonded to the periphery of the
PbS-Si detector combination; their function is to offset the changing resistance
. of the PbS cell as a function of temperature. A theoretical analysis of the

circuit showed that if

where ARD, ART are the temperature coefficients of resistance of the PbS

cell and the thermistor respectively; RD, RT and RL are the resistances of the
PbS cell, thermistors and resistive load, then thermal changes around the

sensor package should not affect the voltage applied to the input of the



log amplifier output was in its most stable condition with the output voltage
at a minimum. Under these conditions the input voltage (pt A) was +1 mv

and the output (pt B) was 0.297 volts.

The input voltage at A was varied from 1 mv to 1. 44 volts by means of
the variable 50 KQ potentiometer. The relationship between input voltage
and output voltage was plotted. The output voltage was also monitored by an
oscilloscope to ensure that there was not an excessive amount of 60 Hz noise,

The results of the test are shown also on Figure 2.6-2.

The silicon cell test circuit was as shown in Figure 2.6-3. A variable
voltage was derived from a small battery and variable resistance, and this
voltage was fed through a 10 M} resistance into the input terminal of the
logarithmic amplifier. The initial conditions were similar to that of the lead
sulphide cell with the exception that the input voltage was negative. The
initial voltages were 0.5 mv input and 0.280 volts output respectively; they
were measured with the same DVM's as in the lead sulphide cell test circuitry,
In order to cover the total range of input current, the 10 MQ} resistor (measured
value = 9,945 M2 ) was replaced by one of 1 M{l (measured value = 1,172 MQ).

The results of the test are shown on Figure 2,6-3.

2,6.3.2 Optical Checkout
The final test consisted of irradiating the optical sensor with black body

radiation from a 1 cm aperture of an IR Industries radiation source with a
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set-up as sketched in Figure 2.6-4. The source was controllable in tem-

perature over a range that extended from room temperature to about 1200°K.

/<Y§£i§§1g Speed Chopper

‘Z’///.'

o A" 7IR Industries
I Black Body

< Sensor Head
. // - -

~ Black Body
Aperture Selector
Range of Apertures: 0,1 to 1.0 cm diameter

Figure 2.6-4. Optical Test Set-up

Measurements were initiated at a temperature of approximately 9500K
and were made at 50°K intervals from this temperature up to 1200°K, In
‘addition to the output of the sensing circuitry other circuit parameters were

monitored for each measurement made.

The circuit was designed to make dc measurements only but because a
- simple chopper system was an integral part of the black body source,
additional measurements were made with the input radiating chopped. The
results are tabulated in Table 1. Plotted on Figure 2.6-5 is the output from
the electronics with the sensor illuminated by a steady radiation. An incon-
sistency was observed in the data for a chopped input and time limitations
did not permit further analysis. These data were not plotted.
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TABLE 1

Output Volts Output Volts
Source Temperature °K Steady Input Chopped Input
974 0.157 0.14
1026 0.117 0, 080
1081 0.114 0.070
.1131 0. 065 0.26
1180 0. 060 0. 32

2.6,4 Discussion of the Results

The sensor circuit cannot be used in its present form because the change
in impedance of the Lead Sulphide cell resulted in changing voltaggs being
applied to the logarithmic amplifier that amplifies its signal output. Apparently
the change in impedance was caused by cell temperature changes resulting
from the proximity of the cell to the heated specimen and in spite of the inter-
position of the IR filter. The thermistors appeared to compensate adequately
for ambient changes. The change may have been a consequence of hysteresis
since after irradiation the output voltage of the Lead Sulphide log amplifier
was observed to have changed 120 mv at the highest temperature wnile at tne
lower temperature (~ IOOOOK) the change was of the order of 20 mv. There

was insufficient time available to determine the exact cause of the impedance

change.
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The silicon cell circuitry was extremely stable, varying by only 1 mv

over a period of about one hour.

2,6.,5 Recommendations

There are two possible alternatives to the present system. The first‘ is
to use silicon cells separately filtered between 0.7 4 and 1.1 p followed by a
dc amplifying system. This arrangement could be used if the temperature
range of interest lies above 1000°K. This approach would require two

separate silicon cells in conjunction with a split-beam optical system.

The second alternative is to use the current detector system of Silicon
and Lead Sulphide but the radiation must be mechanically chopped so that an
ac amplifying system can be used with the Lead Sulphide Cell. The electronics
for this application would require a dc restoring system so that the logarithmic

amplifier is not subjected to negative-going signals.,

With either of these two versions a reliable instrument can be made.



2.7 SPECIMEN ROTATION MODE ANALYSIS

2.7.1 Shape Forming By Rotation of Containerless Melts

Because of the possible importance for zero gravity shape forming by
exploiting the equilibrium rotational forms of liquid masses acted upon only by
surface tension and centrifugal forces, we here give a brief discussion of the
application of electromagnetic fields for rotation mode control. The formation
of spherodial glass, metal or other material objects by solidification while rotating
in an equilibrium ellipsoidal form has been proposed by Deeg and others(l’ 2).

For materials with reasonable electrical conductivity, including metals,
semiconductors and high conductivity glasses in the molten state, controlled
rotation can be imparted by causing the magnetic field used for position control
to rotate at the desired rate. The levitated object will then spin up as a rotor
of an induction motor and the rate of spin can be adjusted by suitable adjustment
of the rate of rotation of the magnetic field. This would be implemented by
proper phasing of the excitation to the various positioning coils. For example,
in a six-coil system, if two opposing pairs of coils are e;ccited at the same
frequency but with a 900 phase shift between them, a rotating magnetic field

will be set up at the coil excitation frequency. This type of rotational excitation

could be applied in place of the normal excitation utilized for position control by

1) Deeg, Dr. E. W., ""Glass Preparation in Space, "' Space Processing and
Manufacturing Meeting, MSFC, Huntsville, Ala., Oct. 21-22, 1969.

2) Frost, R. T., '""Techniques and Examples for Zero-g Melting and

Solidification Processes' (paper presented at the Seventh Space
Congress, Cocoa Beach, Florida, April 23, 1970), Figure 1.
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a time sharing arrangement in which the rotational field is ;pplied for a small
fraction of the total time so that position control is not lost. Alternately, the
rotational mode excitation can be superposed upon the position control coil
excitation without interfering with the normal position control servo action,
The latter arrangement would require a separate winding on the coupling
transformers which supply excitation to the position control coils and would
aléo require that the rotational fields not be strong as the control field.
2.7.2 Dependence of Equilibrium Shape Upon Physical Parameters

The relationv between the rotational speed wrequired to give a desired
oblate spheroidal shape to a given mass of liquid .(pre sumed in the molten
state prior to solidification) can easily be calculated by considering tﬁat the
difference in surface tension pressure due to the different curvatures at the
pole and equator must be compensated by the centrifugal forces acting on a
radial column of liquid in the equatorial plane. If we consider an oblate
stable spheroidal shape with major and minor semiaxes a,b (the minor axis
lies along the axis of rotation), the curvature at the pole can be shown to be
Cp = -Zb/az. The curvature at the equator can be shown to be equal to
Ce =-a/b2 - 1/a. Assuming that fluid currents within the spheroid have been
dissipated by viscous effects, the resuliing difference in static pressures along
a radial .column of fluid in the equator plane will be given by Ap = O'(Ce-Cp)
where g is the surface tension. This pressure difference must equal the total
accelerating force acting upon the radial column of density p (considered of
unit cross section). The inert‘ialforce due to the centrifugal acceleration of

the column of fluid is given by integrating the inertial force p wz r along the
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a

fadius. wis the angular speed. We thus obtain G(Ce‘cp) :o/p wl rdr =

sz wZ/Z. Introducing the difference in surface tension pressure between
pole and equator, we finally obtain

g(/+ 342~25)=P“’2;-

where ¢ is the shape parameter b/a. The shape parameter is, of course,
unity for a sphere and can approach smaller values limited only by stability
considerations for rotating liquid masses.

The equilibrium shapeof a revolving liquid under its own capillary forces
is derived, for example, in Phil. Mag., Vol. XXVIII, pg. 161, 1914, This
derivation shows that the shape will approximate that of an oblate spheroid
provided that the deformation is not too great. This restraint may be expressed
in terms of a parameter £ = pw a 3)/86"'. The shape will approach an exact
prolate ellipsoid when  approaches unity. We see from the equation above that
Q=1 corresponds to that rotational speed w which gives the shape factor £=1/2,

Thus it is to be expected that the departure from spheroidal shape will begin to be

2 3
Pw a

be apparent for such speeds. For small deformations, £= 1 - 3 o

For a large mass of molten material with low surface tension, we might
consider as an extreme example the following parameters

a = 10cm

p= 10 grams-cm

o= 100 dyne-cm

€= 1/2 (i.e., minor axis = 1/2 the major axis)



and obtain the corresponding rotation speed 0.3 radian per second. As another
extreme example, we may consider a molten aluminum sphere of radius 1/2 cm
with the same shape parameter § = 1/2 and obtain the corresponding rotation
speed of 157 radians per second(1500 _rpm.)

2.7.3 Two-Phase Induction Motor

When the positioning coils are excited in quadrature so as to produce a
rotating magnetic field, the resultant torque due to the magnetic dipole generated
by the induced eddy currents can easily be calculated, provided that the skin
depth in the conductor for the corresponding rotation frequency is large compared
to the radius of the sphere. From the examples of required field rotation speeds
corresponding to interesting deformations given above, it can be seen that this
condition will normally be met for reasonable size objects. The expression for
the torque exerted by a rotating magnetic field upon a conducting sphere

. . 2 3 . . . .

can be written * as T=0.1 (w/MB a per unit volume in MKS units where 7is

the electrical resistivity. For example, if we consider an aluminum sphere of

B _2 _2.

diameter 1 cm in a field of 100 gauss ( 10 ~ webers -m ), rotating at 100 radians/
. . -3 -3 .

sec., torque per unit volume will be 4.5*10 newton-meters-meters = 0,045

-3 3
dyne-cm-cm . Since the volume is approximately 1 ¢cm , the torque will be

about 0.045 dyne-cm.The moment of inertia of this sphere is approximately

2
1/7 gm cm . For these parameters we see that the ball would be accelerated

% Zijlstra, H., Experimental Methods In Magnetism, Vol. 2: Measurement of
Magnetic Quantities. (Amsterdam: North-Holland Publishing Company,

1969): P 89.
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at 0. 320 radians sec so that a speed of 10 sec would be reached within
about 300 seconds. For larger spheres, the moment of inertia varies at the fifth
power of the radius whereas the torque varies as the sixth power. Thus the
angular acceleration in a given rotation field will increase directly as the sphere
radius. On the other hand, the speeds required to give a given shape deformation

-3/2 o . _ . -5/2
vary as a , so that the acceleration time for a given deformation varies as a
This, then, seems a practical way to achieve desire rotational shapes provided that
the resistivity 7)is not too high. Since field strengths of thousands of gauss are
quite practical, and since spin-up times on the order of many minutes can
probably be allowed, we can consider situations for resistivities 10 to 10
times higher than that for aluminum and still achieve large deformations within

a reasonable time.

2.7.4 Single-Phase Induction Motor

This method of spin-up for a solid sphere appears practical and has been
previously studied in the laboratory. Both theory and expe rimentation done to
date, however, indicate that this method is not practical for spinning molten
spheres due to the very low torques available and the viscous torque due to
the inevitable shape distortions of the liquid mass due to magnetostrictive forces.
The fluid must rotate, whereas the prolate deformation of the spheroid lies
along the direction of the main single phase field, giving appreciable damping

torque which we estimate below.
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2.7.5 Theory and Experiments

2.7.5.1 Solid Rotor
The torque versus speed characteristic of a single-phase induction motor

without special starting provisions is well known and is represented schematically

in the sketch.

Torque

T Speed

N

The torque is zero when the rotor is at rest but increases so as to éccelerate
any rotational motion, in whichever direction it is initially; imparted. For
field excitation frequencies on the order of tens of kHz which have been
utilized for electromagnetic positioning and heating of containerless melts, the
‘torque -speed characteristic can be considered linear up to the highest physically
achievable speeds. These limiting speeds were determined in the laboratory to
be established by air drag of several thousand rpm for a 1 cm diameter aluminum
sphere which was simultaneously levitated and spun-up in the single phase induction
" mode. In one experiment in which air drag was eliminated by means of a vacuum
pump, a 1 cm diameter aluminum sphere was actually burst as it reached its
fracture stress limitation at tens of thousands of rpm.

In the presence of air, an angular acceleration rate of 10 radians sec

was measured and appeared to be reasonably constant over the range up to 3000
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rpm. The ultimate rotation speed was 10, 000 rpm under conditions corresponding
to approximately 150 amperes excitation at 30 kHz into a 2 cm diameter hem-
ispherical coil. The estimated spin-up torque was deduced as approximately 2
dyne-cm. The near constancy of acceleration throughout the lower speed
range indicates that the spin-up torque is not due to a torque-speed characteristic
such as shown in the sketch above but must be due to a small quadrature component
of the alternating field due to coil asymmetries. An auxiliary experiment was
done in which a small flat was filed onto one portion of the spherical surface
such that a gravitational torque on the order of several dynes-cm would be
exerted due to the non-coincidence of the electromagnetic levitation force and
the gravitational forces on the sphere. It was found that this asymmetry inhibited
rotation and the sphere did not spin-up, thus giving additional confirmation to
the order of magnitude of the spin-up torque.

A conclusion of this work is that solid specimens should be sting mounted
during melting under zero gravity conditions to prevent rotations where these
é.re not desired. Spin-up to bursting speed of unmounted specimens appears to
be inhibited by air drag and this inhibition would remain provided inert gas
environments are used at reasonable pressures.
2,7.5.2 Liquid Rotor

In a number of laboratory levitation experiments in which aluminum
spheres of 1 cm diameter were melted and superheated, no rotation could be
observed. This is attributed to the rather large deformations from spherical

shape due to the combination of magnetostrictive and gravitational forces. It
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remains to examine whethér significant rotational motions can be imparted as
a result of single-phase induction motor action when molten spheres are being
processed by electromagnetic fields in the weightless condition.

In a zero gravity environment, both the Spinv—up torque due to single-phase
induction motor effects and the asymmetry and consequent viscous damping due

to magnetostrictive forces will be proportional to the exciting field strength.

2.7.6 Shape Deformation Due to Magnetostrictive Forces

The asymmetry induced in a conducting liquid sphere due to magneto-
strictive forces can be estimated in the following way. Computations of elect-
romagnetic force fields within conducting spheres located in uniform oscillating-
electromagnetic fields were summarized in the reference * . These show_
that the magnetostrictive forces act radially inward around the equatorial
regions of the sphere and vanish toward the axis of the sphere (assumed in the
direction of the magnetic field) as well as diminishing at higher latitudes.
Such a force field will result in a circulation of fluid which is radially inward
in the equatorial regions and poleward along the axis (see sketch). The

resulting flow system consists of two ring vortices between which there will

3 , D R C/ » B

* Frost, R. T., et al, Field Management for Positioning and Processing of
Free Suspended Liquid Materials. General Electric Company, Contract
NAS8-24683, Modification No. 2, Task IV, Final Report, May 15, 1970.

2-93



be a repulsive effect, leading to deformation of the sphere into a prolate shape
elongated in the magnetic field direction. Although the fluid dynamics problem
has not been solved taking account of viscosity and surface tension, an order

of magnitude estimate for the deformation can be obtained by applying Bernoulli's
theorem between the points a,b and c. Since these three points are stagnation
points, the corresponding kinetic energy per unit volume will vanish and we can
write p, - po = W, where W is the work done by the electromagnetic force in
moving a unit volume of fluid radially inward from a to b against the pressure
gradient due to the nonuniform curvature of the deformed surfa..ce film. Part
of the electromagnetic work will go towards the overcoming of viscous forces
but this will be neglected in this order of magnitude estimate. In this
approximation, the pressure at points b and ¢ will be the same because both are
stagnation points and there are no electromagnetic forces acting along the

axis of the spheroid. The pressure differential can thus be taken as due to the
difference in surface tension pressure at the points a and c as derived earlier

in this section to obtain

P, " Pa= 44— ( 1+ _61—2 - 2§)

The work done by the electromagnetic forces per unit volume of fluid moving

from a to b can be written as

a

> 2 >

W o= - /(ij).dr
(o]
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Where'__j\is the current density and_g is the magnetic flux. Both j and B will
die off rapidly as we proceed inward from point a and these variations were
plotted in the reference ¥ For our present order of magnitude purposes the
effective B can be taken to be the magnetic field at the spheroid surface and

a

the integral /jdr can be equated to the total eddy current flowing around
(e}

the equatorial region of the sphere per unit latitudinal distance.

a
W:B/ jdr=iuB
(o]

The total circulating eddy current induced in the spheroid can be found
by equating the magnetic dipole moment derived'by Smythe *%  to the
classical expression for the dipole moment in terms of current times area.
This results in the identity

m a3G (x)H = ﬂazi

or
i =aG(x)H

For a representative laboratory situation in which a 1 cm diameter aluminum
sphere is levitated and melted in a field of the order of 100 gauss @ 30 kHz
the resulting current is approximately 50 amperes and is distributed over
approximately 1 cm of latitudinal distance. G(x) = 1. In ‘gaussianunits the
total work W =i, B = 5 emu current 100 gauss = 500 ergs cm_3. Equating
this to the difference in surface tension pressures at point a and point ¢ gives
for the deformation parameter § the relation

1 g -3
(l+ =— - 2¢)= — F (&) =500ergs - cm

g2

(o)

a
Frost, R. T., etal , Field Management for Posiiioning and Processing of Free
Suspended Liquid Materials. General Electric Company, Contract NAS8-24683,
Modification No. 2, Task IV, Final Report, May 15, 1970

Smythe, W. R., Static and Dynamic Electricity (New York: McGraw-Hill 1950),
p. 398.
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giving a deformation parameter of about 0. 95.

2.7.7 Viscous Damping Torque

The single-phase induction motor torques are perpendicular to the magnetic
field direction and hence will tend to spin the spheroid up in a direction normal to
its axis of elongation. Since the direction of elongation remains fixed in the
direction of the alternating magnetic field, viscous damping effects will occur
when rotational motion is imparted to the entire fluid mass as a result of single
phase induction to torques. We can estimate the limiting speed for rotation
set up in manner by equating the spin-up torque derived for the solid sphere
experiments described earlier to the opposing torque due to the viscous
dissipétion when the fluid mass rotates but maintains its elongation in a fixed
direction. 2 m T=E, where E is the viscous energy dissipated in a single
rotation. The viscous energy dissipated in 1/4 rotation can be estimated as
approximately twice that due to deformation of this sphere from the prolate
into a spherical shape. The viscous decay problem has been studied for the
latter case in terms of a viscous damped sphere initially deformed in a

ale
b

prolate fashion
2

a . . . . . . .
as tx Vwhere V is the kinematic viscosity. Estimating that the change in

For this model, the viscous decay time can be written

surface area of the spheroid deformed with a shape parameter 0. 95 is of the

- 2 .
order of 0. 0015 cm  and taking a surface tension of 900 dynes per cm, the

additional surface energy of 0.0015°900 = 1.4 ergs would be dissipated in a time t

* Lamb, Sir Horace, Hydrodynamics (New York: Dover Publications, 1945), p. 640.
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of the order of one second for spheres of many liquid metals of the size con-
sidered here. * Considering that this energy would be dissipated in approximately
1/8 of a total rotation for the analogous problem of the rotating fluid mass con-
stantly deformed in a given direction, the power dissipation due to viscous forces
will be 8 x 1,4 ergs/8 seconds corresponding to a rotational period of 8 seconds.
Since the viscous power dissipation will increase as the square of the angular
velocity w we can write for the rate of viscous dissipation T w the product

N2
Tw=11"2 °TE% x (:' ) = 2.6 ergs-sec -c.uz, where u:o is the angular

8 sec o
speed corresponding to a rotational period of 8 seconds, Finaliy, since the
laboratory experiments referred to indicated spin-up torques on the order of
2 dyne'-cm, we conclude that the maximum rotational speed which can be imparted
to the viscous, deformed spheroid will be approximately 1 radian per second.
At lower field strengths such as in the case where the spheroid would be allowed
to solidify under the influence of relatively smaller field strengths, both the
deformation and spin-up torque would fall off proportionately so that the same
argument would apply. Our order of magnitude estimate for the very low angular
rates which can be induced by single phase induction action in suspended liquid

metal systems is confirmed by the failure to observe any appreciable rotational

motion for molten levitated aluminum spheroids in the laboratory.

* Frost, R. T., "Techniques and Examples for Zero-g Melting and Solidification
Processes, " (paper presented at the Seventh Space Congress, Cocoa Beach,
Florida, April 23, 1970), Fig. 1.
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3.0 MODIFICATION OF SIX-COIL DROP TEST UNIT

3.1 MODIFICATION TO INCORPORATE TECHNICAL DEVELOPMENTS

When the drop test unit was received it was tested and found in good

working order, therefore no repairs were necessary. Figure 3.1-1 is an overall

photograph of the equipment as modified. The modifications made as a result

of technical developments of EMLS were as follows:

Power Amplifiers (Figure 3.1-2)

The operating frequencies of all six channels were changed to those
near 100 KHz. The multipliers were modified to go from the
original heating mode (all amplifiers delivering maximum power
with no specimen position error) to one where the amplifiers

only deliver power for positioning.

Pre—Afnplifie rs

Six pre-amplifiers were added to utilize the position sensors
developed under this contract. These pre-amplifiers were mounted
underneath the coil assembly base within a shielded housing.
Position Sensors

New position sensor assemblies were built for the drop package
using the sensors and approximate optical system (but without
mirrors) of the prototype system described in the Sections above.
Servo Electronics (Figure 3.1-3)

Modification in gains and break frequencies were made to be

compatible with the new coils, frequencies and specimens.
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e Coil Assembly (Figure 3.1-4)
New coils and tank circuits and a new lighting system was built on the
original coil assembly base as shown in Figure 3.1-4). Also added
were lights, (on the left corner of the assembly pictured in Figure
3.1-4) six of which indicate which power amplifiers is driving and
a seventh which indicates an overtemperature kick-out of one or more
power amplifiers. A small regulator for the specimen lighting system
was added to stabilize the unregulated voltage and maintain a quiet
light output. Some interaction with the servo had been found as the
light intensity changed according to the servo drive requireme{lt. The
regulator eliminated this interaction. The prototype system described
in this report defined a sophisticated infrared signal positioning
scheme but the drop package uses a painted white ball, the entire coil
enclosure being flat back.

3.2 ADDITIONAL CHANGES
The modifications in addition to the technical developments of EMLS were
as follows:

° Power Amplifiers
Over temperature sensors (thermistors) were mounted on each power
transistor assembly. A board of electronics (seen on the right hand
end of Figure 3.1-5), containing control circuitry and relays in the
power lines of each power amplifier, was located on the power

amplifier assembly. This board also has inputs from thermistors
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Figure 3.1-4 Positioning Coil Assembly

Figure 3.1-5 Power Amplifier Assembly with Overtemperature
Protective Circuits



mounted on each coil and so provides protection against over tem-
perature in either the coils or power amplifiers.

A small board containing three additional oscillators was mounted on
the power amplifiers assembly and can be seen on the end of the
assembly on the right side of Figure 3.1-1.

Servo Electronics

A limiter was placed on the position error line, but not the rate
line, into the servo amplifier. The purpose of this limifer is to
prevent large position errors from driving the power amplifiers at
full power. They can be readily removed if full force as a result of
a position error is desired. Because full force is available for damping,
the time to show convergence from a position saturation condition is
shortened. This is important for demonstrating damping in the MSFC
drop tower facility where the specimen rests directly over the
bottom coil at the instant the drop starts. Without position error
limiting this specimen will be accelerated by a force of about 200
dynes for the first centimeter or so, and will overshoot the center
with a rather high kinetic energy. The time to damp out this large
energy is much longer than that required with position error limiting
which limits the coil force to about 50 dynes. Note that with position
error limiting there is no rate error limiting so damping has the full

200 dynes available near any coil.

3-5



There has been no change in mounting centers, outline dimensions,

or cable lengths in the refurbished drop test unit,

Two copies of a technical manual will be delivered with the drop test unit.

This document will be the same type as was sent with the original equipment.

It will include the following items:

3-6

° Description of operation utilizing a block diagram

° Operational and adjustment procedures

. Circuit diagrams (schematics)

° Photographs of circuit board layouts and construction
‘® Position sensing error curves

° Telemetry calibration data

] Wiring and cabling diagrams,



APPENDIX A

ELECTRONIC BLOCK AND SCHEMATIC DIAGRAMS

Included in this Appendix is the Block Diagram to implement the functions
of the Electromagnetic Levitation System (EMLS), General Electric Drawing
No. ER 47D225301. The detailed electronic circuits of the blocks enclosed by
the broken line in the upper left hand portion of this drawing are depicted on
Sheet 1 of General Electric Drawing No. ER 47J225305 which follows the Block
Diagram. It should be noted that these circuits represent the first effort to
mechanize the design equations for determining drive currents as a function
of position errors generated by the position detector and servo system. These
circuits include th}e elements necessary to sense position from information
supplied by the IR sensor to accomplish the coordinate conversion, to provide
servo lead compensation and to compute the driving currents required. The
circuits as shown cannot be considered to be fully designed. No breadboards
have been made to permit testing in the laboratory nor have the required analyses
been performed. Therefore, these circuits may not represent those which would

have been utilized had not the effort been terminated before the design was

-complete.

The circuits to. mechanize the blocks shown on the right hand side of
drawing ER 47D225301 are detailed on Sheet 2 of Drawing ER 47J225305. No

discussion of these circuits is included in the present report but they were



reviewed-in detail in Section 2. 4 of the Final Report dated June 15, 1971 for
Contract No. NAS 8-26157 entitled, '"Free Suspension Processing Systems for

Space Manufacturing, "

The blocks shown below the broken line on Drawing ER 47D225301 outlihe
the conceptual mechanization for a system to capture the spherical specimen
after melting and resolidification was completed. No mechanization of this
capture system had been effected at the time of the contract termination and no

schematic diagrams are presented.
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Lines 00070

100

110
150

170

Explanatory Notes on Program OPS

LLi, statement functions for the four unit vectors originating at

(0, 0, 0) and directed toward the center of the coils.

FFi, statement functions for the solution of the unit force

vectors.

K = 17. Spring constant - set to allow maximum current at
point in field.

Output description

Position of point specimen on end of string.

IVEL, VMAG: pick the veloéity unit vector off string and the

maghitude.

~

Start up and solution for first set of forces desired

Find the current at each coil to deliver the desired forces; find

the delivered force components.

Let specimen move according to delivered forces and continue,



SLIST

GOZid
DHGSH
GHH30
DREHD
BUAsSY
DG N0G
BEST0

uAsa

RIS

YR WA al
aIcy gery

. .B2110

Bia1es
80130

NI/ B R

3156
Bo16n
BB170
¢gal3o
pareo
Baeun
a3219
VB229

3239
Ba24E
B3259
paz2e6en
BH2TY
ppRsY .
PBo29y
Bo368
¢o319
np323
PH33?
03349
pY3 59

22360

READY '

OPSsCURENT: CNVRTXs TETMFO,»MAGMFO, CNURTF

*

X

CVR/IS/T2 39.0922

* 0PS PROGRAM M™MF0 12/28/71

P R IR P

REAL LLl:LL?;LLS'LLA:LI:LZ;LSJLQ:LI1:L21»L31gL41:

MAGFs MAGUs MAGFs K
I1512, 13, 14sMA0FF

L. IS DIRECTED TOWARD COILS
LLICXsYsZ)= +0e816492%Y
LL2(KsYsZ)=+He8316492%K
LL3CAsYsZ)==0e816492%X
LL4CX,¢52Z)=

IS DIKECTED TOWARD ORIGIN
FFRICXsYs»2Z)=
CFFR(XsYsZ)=46:612373%X
FFE3(XsYsZ)=~-0.612373%
FFaCisYsZd= _ ~0e612373%Y
SSCA,RsCI=SQARTCAFK2+BH¥2+Ck%2)

K=17e ' ‘ -

Cl=0.816492

C2=Pe57735

CT7=1.33

C6=SGRT(K*CT440)

C8=0e2 oL

~Qe816492%Y

+0s 612373%Y

* C6 DAMPING CONSTANT» C7 MASS(GRYs C8 PRINT INTERVAL

*
*

RESERVED FOR VOLTS TO Xs>VY»2Z»

'PRINT 888

83353 FORMATCC1SX,"00TPUT FORMAT')/

R fo R S0 2 o o

(15X, "'DC=¥, s Zs COMPONENTS »
15X, M=:AGNITUDES: CM OR DYNES O
/7 ' '

CONVERSION

(2X,"TIME",9X:''=1*SPECIMEN POSITION DC'")/

(134,"SPECIMEN VELOCITY DC')/

{(21X,"DESIRED FORCES DC")/
(17X,"DESIRED COIL FORCES M")/
(234, "CURRENT INPUT o1'")/

i
;
:
-@-57735#Z
+PeKTTISHZ
+Be STT25%7
~Be87735%2
'8-433ﬂ13*ﬁ+-25‘
+C0.4 ARIBAYIR7 400
e 43RACIRANT 4428
~De 433 B13I34Z4eE5 |
i
y {
MAGNTTUDE) / ;
R AaMPS")/ {

- (19X, 'DELIVERED FORCES DCY///) .~



[ A % Cl Q ‘u

"7 ep376 " T PRINT 353PRINT 35 ~ 77777 ' -
| ©B380 * POSITION OF STING _
L 98390 PRINT 35 S T SN ¢
i 63400 X=~0e 67420 e el -a&Jfgyéﬁﬁé-
C poale Y=-0e51845 S DA _
: BB42D Z=0.84321 T
: 20430 "READS IVEL»s UMAG :
D440 GO TO (91,92-93,94), IVEL
WO450 ¥ U UNIT VECT PARALLEL TO COIL 3 CNTR LINE (IVEL 1)
; 02462 91 VA=0e316496 3Ur=0. 3 VUZ=-0.577359
: BAATD GO TO 99 : ' ‘
‘ Ho4aBsy & UV UNIT VECT FROM STING TOWARD ORIGIN C(IVEL=2)

A Ll e

e ot il MTwd

i

e s it sl e e s St ne WA B

[T

08493 92 VUA=2+.56283 3Ur=0.43294 3 Ui=-3.70414
P Bes8e GO TO 99 ,

. B8518 * U UNIT VECT NORMAL TO STING (IVEL=3)"

S B9520 93 VUA=0.09120 ;Ur=0.89397 3UZ=-0.43367
F33522 GO TO 99

| 02524 % U UNIT VECT. -OFF STING DUE TO WOUCH FORCES
L DUS26 94 UX=0.8432 3 Ur=-0.4672 ; YZL=-D.2658
;o PBS32 99 UX=VUX*¥UMAG 5 Ur=Ur*UMAG 5 UZ=UZ*UMAG
i @J5408 * INITIAL CONDITIONS: SPECIMEN AT XsY»Z WITH VELOCITY
L 00550 *  UX>UY,UZ=--~AFTER DT SECONDS IS AT XlsY1,Z1 WITH VFTOCITY
Popese2 * x,vr,vz:---COIL ACTION BEGINS NOY

§ Brs70 T De

© PB53D «.@1

P B2599 MAGH*SS(X;Y;Z)

L BES68 MOAGU-SSCVK, VT VZ) :

[ ue610 IF(MAGU.EQ+3.08) GO TO 102

;  D0620 * U UNIT VECTOR COYPONENTS

. 2630 VXU=VX/MAGY

P 86640 VYU=VY/MAGY

. 03650 VZU=VZ/MAGY

;  BB6SB GO TO 4

i© 09670 102 VXU=0e3UYU=0.3YZU=0.

| OP68A 4 PRINT 5 ) :
. 68692 5 FOH%AT(IX:“INITIAL CONDITIONS T=0.008",//)
; 03750 PRINT 385X»>Y»Z,MAGP

;. BB710 PRINT 30, UXs VY, VZ,MAGY

! 06720 PRINT 6 _

( UB739 6 FORMAT(1X,'~-memmmecanao ==t/

,  ®2740 % COMPUTE INITIAL DISPLACEMENT

i 00750, X1=X+UX*DT

L 22760 Y1=Y+UY*DT

L w0770 Z1=Z+VZ*DT

L pnT8o MAGP=SS(X1,Y1521)

| 09790 IF(MAGP.EQ.0.0) GO TO 103

| ©080H * -P UNIT VECTOR COMPONENTS

I pO810 X1U=-X1/MAGP

' BBB29 Y1U==Y1/MAGP

i Bo330 Z1U=-Z1/MAGP

! 00840 GO TO 19

i 02352 103 X1U=0.3Y1U=0+3Z1U=0.

- VD860 * END OF START UP SEQUENCE NS .
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22880
pY89d
Bo9wvY
P91V
PO92o

T 08934

Na9 49

22950
82960

28979
20980
22990
81600
21310
p1229
21039
81040
P1O56
1o6DH
1070

010630

21290
01120

21112
01120
¥1130

%1140
21150
81160
21170
01180
31190
o200
81210
61220
21230
21240
61250
81260
21270
21280
21290
21308

01310

21320
21330
P1340
21352

.. B1360_.

00870

*

* ¥ X ¥ *

X % *

*

1 @ CON TI NUE* R e e L g

S s R e T

T=T+DT . .

COMPUTE L*S(P ROJECTIONS ON COIL UVECTORS)
L1=LL1C(X,Y>»Z)

Le2=LL2(Xs>Ys2)
L3=LL3(X,»Ys»2)
La=LLalXxXs» (s 2)
LI1=sLL1IC(X1,Y1521)
L2l=LLe(Xls,Y1,21)
L31=LL3(X1sY1,2Z1)
L41=LLAa(X1,¥Y1,2Z1)

“““““ COMPUTE F'Sewnemecem——
Fi=FF1(X1l,Y1,2Z1)

. F2=FFa(XxXl,r1,21)
F3=FF3(X1,Y1,2Z1)
F4=FF4(X1>Y1s2Z1>

LOOK FOX SMALLESYT -F
ADD1=AMINIC(F1,F2sF3,F4)

COMPOMENT VELOCITIES aALONG COIL AXES
DLIDT=C(L11~-L1)/DT
DL2DT=(L21~L2)/DT
DL3DT=C(L31-L3)Y/DT
DL4DT=C(LAl~L4AY/DT

ADJUST F'S
Fl=K*(F1-ADD1)X+CAxDLIDT
F2=K*%(F2-ADD1 )+ 6%xDL2DT
F3=«*(F3-ADD1)+C6%DL3DT
F4=K*(F4-ADD1)+C6*xDLADT

CHECK aND ADJUST FOR =-F'S
ADD2=AMINI(F1,F2,F3,F4)

Fl=Fl1-ADD2Z2:
F2=F2~-ADD2
F3=F3-ADD2
F4=F4~ADD2 :

"""" END OF F'S CALCULATIONS===~====--

CALL SUBROUTINE FOR COIL CURRHVTS‘"CURENT"

CALL CURENT(F1,F2,F3,F4,L11,L21,L31,L41,11,12,13,14)

CALL SUBRTe. FOR CONVERSION OF Xl1,Y1,Z1s TO

X1PsY1P»Z1Ps~GRAY'S ORIENTATION OF THE TETRAH.

YCNVURTX" IN WHICH GRAY'S COILS A»B,C>D ARE OPS!

COILS 453,152 RESPECTIVELY
CALL CNVRTX(X15>Y1,Z1sX1P>Y1P»Z1IP)

CALL SUBRT. "TETMFO"-MODIFIED "TETRA 0OF GPQY“

TAKES X1P,Y1P»Z1P AND CURRENTS AND COMPUTES FXsFY»FZ

IN GRAY'S COORDINATE SYSTEM
CALL TETHMFO(XIP,Y1PsZ1Ps11512513,14,FXPsFYPsFZP)

CALL SUBRTs "CNURTF'- CONVERTS GRAY'S FORCE COMPONENTS

*(FXPsees) TO OPS COMPONENTSC(UNIT VECTe FORM) FFXUseee

SRR R S N A

CALL CVVRTF(FXP;VYP:FZP:FrXU:FVYU:FFZU:MQCFF)

N RURIINATIPY SRS B A e S
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'e13170

. 21380

M1390

- plage

‘B141d
p1420

' @1430
@Y a40

21459

" B1460
FOLaT
- BLA8E
AYER
CB1492
91494

P OlaA96

. 01498

01503
{1510

61529
915309
T (31540

¥1550
21566
21576
01580
p1598

G1600

prely
P1620C
21630
1640
21650
21660
216702
01680
p1690
01720
pL710
p1720
01730
P1749
P1750
. BlL76Y
91770
01780
21790

1.01800

"% COMPUTE DESIRED FORCE VECTOR
FA=@BeQ*%F1 =Cl1*F2 +C1*F3 +Be (A%XFY
FY==Cl*Fi1 +Q@¢2%F2 +@.3%F3 +C1%F4
FZ=+C2%F1 =-C2*F2 ~C24F3 +C2%FY4

MAGF=SS(FX» FYs»FZ)
IF(MAGF.EFQe0.¥) GO TO 184
* F UNIT UECTOR COMPOMNENTS
FXU=F%/1AGF
FYUs=FY/4AGF
FZU=FZ/MAGF
GO TO 7
104 FXU=Qe3 FYU=Be3 FZU=0o
7 IF(TeGTole3) CB=4(1
IFCTeGTe0eB2) CB=e?2 .
IF(TeGTeBe1) C8=0.2 i
IF(TGTe1¢5) C8=0.5
TM=T/CH
TRT=AINTCTH+B25)
TEST=ABSCTRT=T¥)
IFCTEST.LESG«00%1) GO TO 20
GO TO 15 , P
20 PRINT 25,TsX1  5¥1. 521 »01AGP
25 FORMATC(SX://>F%e25 1P4ELL03)
PRINT 385UX »VUY »VUZ »MAGY
PRINT 3¢sFX »FY »FZ sMAGF
PRINT 3G,F1,F2,F3,F4
PRINT 30:11,12:13.74
PRINT 30G:FFX L FFY ;FFZ s5ACEYF
30 FORMAT(S8X,»1P4EL14.3)
PRINT 35
35 FORMAT(/)
*
15 CONTINUE

*COMPUTE ACCRELERATION COMPONEANTS DUE TO ACTING

"AX=(FFXU*MAGFFY/C7

AY=(FFYU*MAGFF)I/C7
AZ=(FFZU*MAGFF)/C7
* TRANSFER OLD POSITION AND CO¥PUTE NEW
* TRANSFER '
X=X1
=71
2=2Z1

* ° NEW POSITION
KIsK1I+H(UX+B« S5*AXADTIXDT
Y1=Y1+(VUY+Q«54AY*DTI*DT
Z1=Z1+(VUZ+B+54AZ.DTI*DT
MAGP=S5(X1,Y1,21) ‘

e 1F(MAGP+EQ+0+0) GO TO 186

COMPONENTS =

[N

p

ERSIREPRPT N )

. —e
H

:

H

1

!

i

3

:

1

'

. :
! 4

- ,\
FORCES




F'@181@ * UNIT VECTOR COMPONENTS FOR -P

; 29889 16 XI1= EXP(XII(FI,XL11:¢-7764))
L. BEE9 1? IF(F2.GT«0e«@) GO TO 28
8129 I2=1.E~6
: PB11D GO TO 22
R 178 ¥240] 20 XI12=EXP(XII(F2,XL21,27733))

B1820 X1U=-X1/MAGP ;
71839 Y1U==-Y1/14AGP 3
P18 40 Z1U=~Z1/MAGP
$1650 GO TO 8
1860 106 X1U=0e3Y1U=0+321U=0"
#1870 % NEW UVELOCITY
L B1386B 8 UX=UX+AX*DT 1
31590 UY=UY+AY#DT 3
I oisnD VZ=VL+AZ*DT -
L p1919 MAGV=SS( UK, VY, VUZ)
L 91929 IF(MAGUEQ.D.@) GO TO 108
31936 * UNIT VECTOR COMPONENTS FOR V
L 31941 UXU=VUX/MAGY
01959 UYU=VY/MAGY
{ 81962 . VZU=VZ/MAGY
Y0197 GO TO 10
P BLY9ZY 108 VAU=0.3VUYU=2.3VZU=0. ‘
i @199@ G0 TO 10
L BROBRD END J
TTeRB10 T T SUBROUTINE, _gum;(m,lre,?% FasXL1 I,XLQI,XL31,XL41:
po22 & XI1,%12,X13,%14)
. LOO3Y XKIICAsBsCI=(B.5*%ALOG(AI~1.2464%B + C) ;
L p0B40 . ' :
02058 IF(F1+.GT«2.8) GO TO 10 :
BBH 69 XI1=1eE~6 '
D370 GO TO 12

! 25136 22 IF(F3.GT.8.0) GO TO 30 ?
. DB14D XI3=1+E-6 g
L P0158 GO TO 32 ;

i @0160 3@ XI3=EXP(XII(F3,XL31,2. 7611>) i

L 20170 32 IF(F4.GT.0.0) GO TO 48 §
P3180 < XI4=1.E-6 ;
©2199 GO TO 42 '

| p020D 40 X14=EXPCXIICF4sXL41,2.7663))

! gO210 42 CONTINUE o . !
02215 * ADJUST CURRENTS; DO NOT EXCEED MAX BUT KEEP RATIO :
pe220 AMAX=45. : N
00230  KTRY=AMAX1CKI1,XI2,XI135XI14) '
20240 IFCXTRY«LE+XMAX) GO TO 50

: 9250 FACT=XMAX/XTRY ' o

; PBR60 XI1=XI1*FACT , e

. BpP270 X12=X12%FACT

L 09280 XI3=XI3*FACT
60290 X14=XI4%FACT
5398 50 CONTINUE ‘

L Pe318 RETURN :

. 82320 _END !




T @310 7 SUBROUTINE CﬂVRTX(Xl:Yl:Zl:XlP:YlP:?lP)““'“"’”"””‘”"W“' A
30020 A=5GNHT(1e/3e) ,

A0530 R=SQRT(2«/3) .
PIB 4B A1P= A%X1 +0eD%Y1 + B*z1
GaNse Y1P=3«0#X1 +1e0%kY1 +0« %21
2060 Z1p= -B*X1 +0e BEY 1 +  A%*Z1
Az 70 RETURN '
50980 END
cuHlo SUBANDUTINE TEIHFN(KsYsZsZ1,225435245 SUMXs SUMY » STMZ)
BBo22 DIMENSION EYAC/Z), EYRCAY>EYCCA) >EYDCA) s SKCA) > FXCA) s FYC L) s F2(4)
peP2sy IF(XeEQeDo ) A=1¢E=-6
PHD26 IF(Y+EQeDe () Y=1.E~6

» ppoes IF(ZeEQeDeD) Z=1eE-6

S BBUTO A=1.15

i p2e8D DO 18 I=1,4

I BoB9e EYACI)=1«E~6

i, ve100 C EYB(CI)=1+E~6

: o potlioe EYC(I)=1.E=-6 o :

o pY122 EYD(I)=1.R-6A L ‘ -
93138 13 CONTINUE '
PO14G EYC(3)=21.

50150 EYDC1)=7Z2

PP16D EYB(4)=23

20170 EYAC(2)=Z4

Pe180 RS=0+5

DO185 SCM=3.0%

83199 S=SCHM# e Bl K=Kke Bl YoVY4eB13 2524001

04240 AM=A%. 21

729210 SKC1)=RS/B.0477

80220 SKC(2)=RS/0.0436

BP239 SKC3)=RS/0.0434 ‘
©ve2492 SKCAI=RS/ 00406 " - ’
PR250 RS=RS*.01

I 99260 PI=3.1415926

L 00270 F1=De5%SQRT(3.0) : o

i 00280 S G1=C1eG/6eB)XSART(3.3) : . -

| 82299 "F2=3.5 -

P 0p2390 - F3=1.0/640 _

{02310 FU4=(2:G/3.0)*SQART(2. @)

I o320 G2=(1:06/12.3)*SQRT( 60D

| 00330 O F5=(1.08/3+08)%SQART(2.0)

i P340 F6=C1e0/3:3)*SQRT(643)

l 28350 F7=1+6/3.0 '

L 20363 DO 59 J=1,4

; 6379 XA=F1+(X{+G1%S)=F2%(Y+F2%S)

[ 02389 YASF3%(X+Gl*S)+G1H(Y+F2%S)=FA*(Z+G2*S)

T pe399 zZa= FS*(X*GI*S)+F6*(Y+F2*S)+F7*(Z+C2*b)

23439 ZAC=ZA

L Bo41E RHOA=SQRT( XAXXA+TA*YA)

! @420 -~ PHIA=ATAN2(YA»XA) - , .

. 08430 . BPHIAZGeD i i e o meis s o m rm




g2
on copY- 4///11\\\§

b 6944@““”“"CALL MAGC J» AM» EYA» RHOA, ZAC+ BRHO» BZAC) ' }
. N84Sy BRA1=BRHO . _ ' 1
P bBa6D IF(RHOALT. 1« OE~25) BRA1=0.0 ' !
bB0aATe BZA1=RBZAC g
LBB4ED SIH=(EXP(26 64SK( I I ~EXP(=SK(J)))I /2.4 !
Loouaen SIHI=CEXPCSHOI I =EXP(~SK(J)))I /2.0 :
ioBRSHH Q= (STH=STH(2 B*St (J)))/CJIHI*SI%1+SIV(S&(J))*SIV SKCJUY))
. G5y K51e0=C075/5KC I 0 -
. DES20 DRHOA= « 551 ~ ;
| eO538 Kil0A=RAOA+DRHOA o M
L6540 CALL MAGC Js Aids EYA, K100, ZACs RRI0, BZAC) g
[P8550 BRA2=BRHO :
PoED560 BZA2=BZAC '
Poees7o DBDRHO=(BRAZ-BRA1) /DRHOA :
| 6858Y . Ri{OA=RHOA-DRHOA :
P 98590 ZAC=ZAC+« 0901 3
L BB6HY CALL MAG(Js AM, EYAs» RHOAS ZAC» BRHO, BZAC) ;
i 0O610 BRA3=BRAO :
L opeson BZAG=RZAC i
L 08630 EMU= 4+ 0%PI%1 < 3E-07 ‘
LoAssa0 D3DZ=(BZAR~RZA1) /0. 0001 , o
C0R65D DRRDZ=(ERA3~BRAL) /7. 0061 A ‘ 2
L Bu66D DPBDZR=(RBZA2-BZA1) /8. (G0] o
L0672 BT=SART(BRAI #BRALI+RZA1¥BZA1) . ;
| 03633 SA=RZAL/BT . . g _ g
{ 02699 CA=BRAL/DT : ' ;
L BBTO0 DBTDS=S4%CA*DBDZR+SA*SGEDRDZ+CA*CA*DBDRAO+SA*CAxDRRDZ
PoenTi6 FS=(=BT)*(DBTDS) *GX*2 2% PI*( 1+ B/ EMUI *RS**3 , :
LognTeo VrUsLe D¥PTH1 e GE=B7 ' Z
FoBsT30 - FRHOA=FS=CA :
P BD740 FZACA=FS*SA :
L 02758 FZAP=FZACA ' ;
Loearen FYAP=FRHOA*SINCPHIA) 4
i ed770 FYXAP=FRHOA*COSCPHIA) i
i PA7E9 FAA=F1*FXAP+F3*FYAP+FS5*FZAP i
i BB799 FYA=(~F2)*FXAP+Gl*FYAP+F6*FZAP !
I @308 FZA=(-F4)*FYAP+F7*FZAP ;
1 09310 XC=F1*(X+G1*S)+F2*(Y-F2%5) : i
| G5520 TC=(=F3) % (X+G1%S)+G1%( Y=FR*S)+F4*(Z+G2%S) |
PO330 ZC=F5%(X+G1*S)=F6x(Y=F2*S)+F7*(Z+G2%S) :
pn8 40 zcc=z¢ ' ;

' 00350 RHOC=SQRT(XC*XC+YC*YC) §
. 02860 PHIC=ATAN2(Y(sXC) ;
i 08873 BPHIC=0.0 | §
| Bo880 CALL MAG(JsAMs EYC» RHOC, ZCCs» BRHO, BZAC) ]
pB890 BRC 1=BRHO !
0B9as IF(RHOC«LT«1+.08E-05) BRC1=0.0 ;
0E910 BZC1=BZAC §
pu920 RHOC=RHOC+ 3. 03301 :
099309 CALL MAG(Js A¥s EYC»> RHOC, ZCCs BRHO» BZAC) .
PU94D BRC2=BRH0 , . - i
09950 BZ(C2=BZAC ;

. PY96D . DBDRHO=(BRC2-BRC1)/2.0001 . o
;62976 . RHOC=RHOC=0.0001 , : i
'; 229806  ZCC=ZCC*0.2Q21 _ . . U U U SON S SUROER
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U990 RS

i glene
! pro1y
V1020
A1o50
21642
81050
1067
21970
21085
P1O9H
P110U2
{81119
A B §-1Y)
£ @1130
i Dllag
i P1150
I p1168
I 81179
1180
71190
01200
' op1210
i Ble2p
i @l123@

[

61250
01269
91279
AL
21299
P1300
21310
01320
01330
P1340
21359
81360
L 01370
| 21388
P1390
01400
01410
{01420
@143

ey ¢ v e e wmam t g

o

1459
1460
6l14a79
21480
i 081490
PL50O
@i510
21520
01530
21540
B1558
01569
1579

i 21588 . .. .

B-10

61249 BPHID=Q«0

Glaap

FXDP=FRHOD*COS(PHID)

CALL" MAG(J,AW,EYP,RHOC» CCBRUO, BZACY T A

BRC3=BRHO

RZGC3=BLAC
DRDZ=(BZC3~BZC1)/8.6001
DBHDZ=(BRC3-BRC1)Y/0.0001
DBNZR=(BZC2-BZC1) /0. 6501
BT=SORT(BRCI*BRCI+BZC1+RZC1)
SA=RZC1/BT

CA=BRC1/8BT
DRlﬂS—gAkCAJDBDZ?+CQ*SA/DUDZ+CA*FA*DBD?HO+QA*CA*DB%DZ
FS BT)*(DLTDS) #GX*2e @k PI4#C 1o B/EMI) *RS*%3 !
FR&OC FS%*CA '
FZACC=FS$*5A

FZC9=FZACC

FYCP=FRHOC*SINCPHIC)

FOP=FRHOC*COS(PHIC)

FXC=F1*FXCP=-F3%xFYCP+KF5%FZCP
FYC=F2%FXCP+G1*FYCP-F6*%FZCP

FZC=F4*FYCP+F1*FZCP

xXD=Y ' : . o
YD=(~F7I*(X-F74%SQRT( 3 %S)-F4*(Z+G2%S)
ZD=(=FAYK(X=FT*SQRT(3BI%S)+FT*(Z+G2%S)

ZDC=ZD ~

RHOD=SGRT(AD*XD+YD*YD)

PHID=ATANZ2C(YDs XD)

CALL HMAGQG(Js &M EYDs RHODs ZDCHL BRAD,BZAC)
BRD1=8BREHO0 S
IF(RHODLTe1+BE~G5) BRD1=@.0
BZD1=RZAC

RHOD=1HOD « 5301

CALL WAC(J,A4:FuD,RHOD,ZDC,BRqO»PZAC)
BRD2=RBRHO

BZD2=BZAC

DBDRAO0=(BRD2-BRD1) /.« 0801 :
RHOD=RHOD=-. 30231 ' ' !
ZDC=ZDC++ 3001 ;
CALL MAGC Js AM» EYDs RHOD» ZDC» BRHO  BZAC)

BRD3=BRHO \
BZD3=BZAC

D3DZ=(BZD3-BZD1)/.00081
DBRDZ=(BRD3-BRD1)/0.2001
DBDZR=(BZD2-BZD1)/3.8301
BT=SORT(BRD1*BRD1+BZD1*BZD1)
SA=BZDI/BT

CA=BRD1/BT
DBTDS=5A%CA*DGDZR+SA*SA*DBDZ+CA*CA*DBDRHO+SA*CA*DBRDZ
FS=(=BT)*(DBTDS) *GX*2+ G*xPI*( 1+ 3/EMU) *RS**3 ,
FRUOD=FS*CA S
FZACD=FS*SA : ' ‘
FZDP=FZACD

FYDP=FRHOD*SIN(PHID)

kP bl T i A S O i ) e A N B v

Cn et e e

4

FXD=(-F7)*FYDP-F4*FZDP

FYD=FXDP

FAL=(-F4)*FYDP+FT7*FZDP

AB=X 1

YB -y '
B==Z+0+25%SQRTC 6. @) *S ‘

ZBC ZB bt et e et A e s o s oerm e e P e Bt 308 ek B e e 51 s e AR A+ b i &t o me aneaede b




et v e pe

81899 TRHOB=SQRT(XB¥KB4vRxYEY 7 B
i pleeo PHIB=ATANZ2(YBs XT) .
{61610 > BPHIB={.0 %
fR1626 CALL MAG(Js AMs EYBs RHOB» ZBC» BRHO» BZAC) ,
| ©1639 BRB1= 2140 _ :
Lop1648 IFCRHORLTe 1o 0E~(353 BRBI=00 !
b B1650 BZB1=BzAC !
. bleew RHAOB=EHOB+R« 0031 ;
b 01679 ‘CALL MAG(Js AMs EYRs RHOE» ZRC, BRHO» BZAC) i
01680 BRRL=1RH0 :
21690 BZB2=5BZ4C i
81769 DBDRHO=(RBRE2-BRE1) /. (601 j
@170 RHOB=}i{0R~« 0001 , i
i 1720 ZBC=ZRBC+. 30801 S 4
; 81739 CALL MAG(J>AMs EYE sRiOB:ZBC;BRHO:BZAC) ]
P pL740 BRB3=B1110 ¥
L oe1758° BZB3=RZAC :
. B1760 DBDAm(B&BJ~BZBl)/»Q@®1 o , 4
. 01772 DBRDZ=(R2AB3~BRB1I/§.0281 . o
i 01780 DRDZR=( BZRE~BZB1) /0 A301 - g
61790 BT=S$QRT(RRBL*BRR1+BZB1+*RBZB1) :
@1890 SA=RZR1/2T }
. 21813 CA=BRBL1/BT :
. p1Ben DRTDS:sAfCA*DPLZ?+CA*SA*DBD7+ca*rntD°bﬁwo+ A*Cﬁ*nvnvz
© (1836 FS=(=RT)%( DBTDS) %(xN%2+ O¥PI#( 1o/ EMID #RKS**3 j
L D164d FRAOB=I5%CA ' ' :
| v185Y FZACB=FS*SA .
LoB1860 FZBP=FZACB :
: 01870 FYBP=FRHOR*SINCPHIR) 1
. v1850 FXBP=FRAOB*COS( PHIR) ;
[ 01898 FXB=FXBP i
L e1yen F{B=-FYBP :
{21910 FZB=-FZDBP
: 81930 FX(J)=FXA+FXB+FXC+FXD
P 01940 FY(J)=FYA+FYB+FYC+FYD
| 81950 . FZ(J)=FZA+FZB+FZC+FZD
b o970 59 CONTINUE
© p1980 SUMX=3e 0 3 _ - o
L pl990 SUMY=0 5 - - t '
. 6200 SUMZ=0.0 1
| 02010 DO 60 M=1,4 . : _ !
P peo2e SUMX=SU4X+FX(M) L :
L 62239 SUMY=SUAY+FT.0) - E
. 62040 SUMZ=SUAZ+FZ (M) %
i 92952 60 CONTINUE !
‘02060 SUMX=SUX#9 s 0% 1 BEDS 1
| 92070 SUMY=SUNY*9e 0%« GE+DS i
Y pepsn SUMZ=SUMZ%9e [k 1« GE+ES ) :
[ 2110 FTOT=SURTC SUMA*SUMA+SUMY * STMY+SUMZ*SUMZ) 1
! 22152 RETURN : !
{_p2160 END L i

B-11



[ eeate " SUBROUTINE MAGCJs A5 EYE,RHO, Z>BRHO,BZY ~ ™
60220 DIMENSION EYE(6) .
oBB38 PI=3.1415926
20040 EMU=4+3*PI%1«BE-37
0OOSH S1=A*A+RHO*RHO+Z#Z
62060 S2=(A-RHOD*C A= RHO) +Z*Z
BYR2TH © S3=(A+RAVIF(A+RADI +Z %2
B2289 S4=A*A-RHO*RHO~Z*Z
82099 EKS=4.@%AxRHO/S$3
20100 EK=SQRT(EKS)

80110 Y=CELIC1,EK) i

20120 . TK=Y ]

20130 - Y=CELI(2,EK) i

02140 E=Y i

02150 SG==TK+(S51/S2)*E :

£0168 S6=2/(itHO*SQRT(S3)) :

82178 BRAO=( (EYEC J)*EMU) /(2. B*PI))*SK*SS !

BY180 ST=TK+(S4/S2)*E 3

29190 BZ=C CEVECJY¥EMU) /(24 04PT) )% 1+ B/ SQRTC $3) Y%7

0220 RETURN * ’ _ @,

02210 END.

i, 08010 5U5xQJ1jwM_guyagg<FXP,FYD,bZP,FFxU,FFrU,FFZU,waGrF>

L 90220 A=SQARTC1e/3e) :
00030 . B=SQRT(2./3.) ‘ S §
6040 FX= A%FXP +De Q*FYP “B*FZP o
00350 FY=0e@*FXP +1¢B*FYP +0e @*%FZP
020860 FZ= DB*FXP +0 e *FYP +A*FZP
00270 XMAGFF=SART(FX**2+FY**2+FZ%%2)
poo8Y IF (XMAGFF+EQ.8.9)> GO TO 20 . _

PBO9® * F UNIT VECTOR COMPONENTS )
02100 FFXU=FX/XMAGFF = '
80110 FFYU=FY/XMAGFF
o120 - FFZU=FZ/XMAGFF
02130 GO TO 15 .
00140 20 FFXU=0+.9 ;FFYU=0.9 3FFZU=0.0
2156 15 CONTINUE
20160 RETURN
x'w'-*-'n@@ 1 ZQ inre b ENQ e i Sk, £ b 1 b o 5 e N 3ot 45 s b
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$LIST TETRA

R6/AT/72 B9«628

20905 DIMENSION EYAC4),EYBCA)sEYCCH)sEYD(4)5SK(A)FXC4)sFYC4)sFZ(4)
0220 79 READ:XsY>sZ

PoR30 PRINT 1sXsYsZ

NN 40 1 FORMAT (3Xs2HKX=F Te45s3Xs2HY=FTe453Xs2HZ=FT7+4)

n20650 PRINT 2

06060 2 FORMAT (/)

[]u]o Redo] A=1¢15

PM12S EYACI)=1<B3EYAC2)=4T53EYA(3)=0. 8,EYA<4)-1 PE-06

AA126 EYRBC1)=0eG43EYB(2)=2.43EYB(3)=0.313EYB(4)=1.0E-06

2m127 EYC(1)=1«823EYC(2)=1e43EYC(3)2=45.03EYC(4)=10E-06

PO130 EYD(1)=4503EYD(2)=2«7S3EYD(3)=2113EYD(A)=1.2E~-06

20163 SCM=3.05

AB1&0 ‘READ: (SK(I)sI=1,4) : -
00210 RS=0.5 . : -]
pe270 S=SCM*eQ13X=X*eQ13Y=Y*eB152=Z%-01.

P028n AMzA% .0 ]

20290 RS=RS*01

GB300 PI=3.1415926

PO320 F1=0+«5*SQRT(3.0) _

09330 G1=C1eD/6BI%SQRT(38) . ‘
00340 F2=3.5 } . : 1
AB35n F3z1e0/6+0 ‘ : h

P8360 F4=(2.0/3:0)*SCGRT(2.0)

0372 G2=(1e0/12:0)%SCRT(6+0)

PN380 FS5=(140/3:2)%SGRT(2:0)

@9392 F6=C(1e0/3eB)%SERT(6403)

00400 F7=1.0/3:0

80405 DO 59 J=1s4

20410 XOA=F | % (X+G1*S)=F2*(Y+F2%S)

00420 YASF3%(X+G1*S)+G1*¥(Y+F2%S)=F 4% (Z+G2%S)

82439 ZAZFS*(X+G1%S)+F 6% (Y+F2%S)+F T (Z+G2*S)

0P 440 ZAC=ZA

BR450 RHOA=SERT (XA*XXA+YAXYA) -

00460 PHIA=ATANZ (YAs XA) :

20520 BPHIA=0«0 ,

PG530 CALL MAG(J»AMsEYA»RHOA, ZACs»BRHO,BZAC)

30540 - BRA1=BRHO

00545 "IF(RHOA«LT+1«0E-05) BRA1=0.0

AB550 BZA1=BZAC ,
20590 SIHS(EXP(2.0%SK(J))=EXP(=SK(J)))/2.0 _ ' o
00660 STHI=(EXP(SK(J))I=EXP(=SK(J)))/2.0

‘00610 O0=(SIH=-SIN(2. G*SK(J)))/(SIHI*SIH1+SIN(SK(J))*SIN(SK(J)))

PR620 GX=1e0=(Q«75/SK(J))*Q

00630 DRHOA=.000 1

R0 640 RHOA=RHOA+DRHKOA

90650 CALL MAG(JsAM»EYAsRHOAs» ZAC»BRHO:BZAC)

80660 BRA2=BRHO
| 89670 . BZA2=BZAC . e ]




 GCLLY:])
N0690
no700
aeTI0
aaT700
ae71p
738
0740
AR T41
00742
00743
0744
00745
RT746
0747
80750
DAT6A
aAcTT70
GOTRA
O0A79R
anean
AOB10
CEE20
r0eEan
G370
()80
(*ARI0
feonn
(210
apnaean
00280
BRG90
A EATATE]
1S
e R NER NG
A1 s9
116H
Y RV
AR ISR
21090
(11004
N111d
1120
A1130
Q1149
D1159
nl1st
1187
21153
1154
P115SS
91156
01157

L __.A11A0

DBDRHO= (BRA2-BRA1)/DRHOA o R
RHOA=RHKHOA-DRHOA
ZAC=ZAC+ .00
ChHLL MAGCJ,AMIEYASRHDA,ZAC»BRKOL,BZAC)
BRA3=BRHO

BZN3=BZAC

FUliz4.0%P1*]1.0EL=-D7
DOADZ=(BZA3~BZA1)/0.000]
DREDZ=(BRA3=BRA1I/0D.000 ]
DBDZR=(BZA2-BZA1)/0.0001
BT=SORT(BRA1*BRA1+BZA1*BZA1)
SA=RZA1/BT

Cn=BRNI/BT
DETUS=SA4+CN+*DEDZR+S5A*S5A*¥NBDZ+CAXCA*DEDRHD+SA*CA*DBRDZ
FSE=C(-BTY*(DBTDS)I*GX*420*¥PI*(1eA/EMUI*RS*%3
EMIz=4.00%P 1% QF=-07

FRHOA=FS*CA

FZACA=FS*SA

FZAHAP=FZACA

FYAP=FRRNOA*SIN(PHIA)Y

FARAP=FRRhOA*COS (PHIA)

FXAa=F 1 ¥FXAP+F3%F(AP+F 5*FZAP
FYAR=(=F2)¥F AP+ GI*FYNP+F6*FZAP

FZA=(=F4)*EYNP+F T*FZNHP

YC=F12(X+GI+SI+F24 (Y=-F2%S)

YC=(=F3)*(X+GI#5I+C1 7 (Y=F2*S)+F 4% (Z+(02%5)
ZC=FS*x(X+01*S)-FEx(Y-F2%S)+F 14 (Z+(2*5)

“cC=2ZC :

RHCC=5NRTCACHAC+YC*YC)

PLIC=ATANZ2CYC» XC)

FPHIC=0.0

CrlLl, MAaC(Jds A EYCHRENCSZCCH,ERKN,BZAC)

FRC I =BRHKHO

JF(RHTC o L. Te 1 «OE-05) BRC1=0D

1= AC

PRI =RHEOC+D « 000 1

CALLL, MAGCJs AN EYCHRHOC,»ZCC>EBRHOLEBZAC)

WRC2=1B3RHO

BIC2=RZAC

DYPWHO'(“JC ~ERCIX/0 0001

rHOCSRHOC =G 200 1

ZLL=ZCC+ 30001 4 i
CARLL MAGCI»AMSEYCHLREDC,ZCCH,EBRHN,B3ZAC)
FRC3=ERHO

P7ZG3=RZAC

DEnZ=(BZC3-BZC 1Y/ .0201

1 +RN7=(RERC3-=RC1)/2.330]
NADZR=(B7Z0%-R70 1Y/ G«10G0 1
ET=SERT(BRCI*PRC I+BZCI*EZCY)
Sa=27CIl/BT

CHh=8RC1/BT

DBTUS=SA*%CA+DRDIR+SA%*SAxDEDZ +CAa*xCLADEDRHO+S4+CAXDERDZ
FS=(=-3 T)*(DETDS)*GX*2 O*PI*(I-L/EHU)*RS**3 J
eI PTa YA TS X 2 1 . S UGV PO e . o et -



E 01160

21170
21180
01199
01200
21210
01220
21239
01270
21280
81292
. 21300
21310
01320
01380
21390
01400
01405
61410
01458
01460
01470
01480
81490
91500
01510
01520
%1530
01540
81550
71551
21552
G1553
71554
P1555
01556
01557
B 1560
31570
%1580
01590
21600
61610
61620
01630
21670
01680
01690
01790
01710
P1720
81780
21790

b AN QOM_ .

—— —— e e ——— o il e TP

" FRHOC=FS*CA
FZACC=FS*SA
FZCP=FZACC
FYCP=FRHKOC*SINC(PHIC)
FXCP=FRHOC*COS(PHIC)

FXC=F 1 *FXCP~F3*%FYCP+FS*FZCP
FYC=F2*FXCP+G1*FYCP~F6%FZCP
FZC=F4*FYCP+F 7#FZCP
XD=Y
YD=(=F71)%(X=F7%SORT(3¢Q)%kSI=F4%(Z+G2%S)
ZD=(=FA4)* (X-FT7*SORT(3:+8)%S)+F T4 (Z+562%S)
ZDC=2ZD .
RHOD=SQRT ( XD*XD+YD*YD)

. PHID=ATANZ2(YD,XD)

BPHID=2 0

- CALL MAG(J:AM:EYD:RHOD:ZDC:BRHO:BZAC)
BRD1=BRHO
IF(RHOD«LT-1.PE~05) BRD] Q.0 p
BZD1=BZAC

RHOD=RHOD+.0001
CALL MAG(J:AM:EYD:RHOD:ZDC:BRHO:BZAC)
BRD2=BRHO
RZD2=BZAC
DBDRHO=(BRD2-BRD1)/.00801
RHOD=RHOD= 2001
ZDC=ZDC+.0001
CALL MAG(J:AM:EYD:RHOD:ZDC:BRHO:BZAC)
BRD3=BRHKHO
BZD3=BZAC
DBDZ=(BRZD3~BZD1)/.0001
DERDZ=(BRD3~BRD1)/0.00921
DBDZR=(BZD2~BZD1)/0.2901
BT=SORT(BRD1*BRD1+BZD1*BZD1)
SA=BZD1/BT
CA=BRD1/BT
DBTDS=SA*CAx*DBDZR+SA*SA*DRDZ+CA*CA*CBDRHO+SA*CA*DBRDZ
FS=(-BT)*(DBTDS)*GX*2. G*PI*(I-Q/EMU)*RS**S
FRREOD=FS*CA
FZACD=FS*SA
FZbP=FZACD
FYDP=FREOD*SIN(PKID)
FXDP=FRHOD*COS(PHID)
FXD=(~F 7)*FYDP=-F4%FZDP
" FYD=FXDP
FZID=(=F4)*FYDP+F 7%FZDP
XB=X
YB=-Y
ZB=~Z+0+25*%SART(6.0B)*S
ZBC=1B
RHOB=SQRT(XB*XB+YB*YRB)
PHIB=ATAN2 (YB,s XB)
EPHIB=0.0
CALL MAG(J:AM:EYB:RHOB:ZBC:BRHO:BZAC)

~
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01800

]

ey quTWHVUTtﬂUibNHUTUZRUI

01805
nigiq

01860

21879

- 01889

A1890
21900
21910
B1929

"P1930

21940
P1950

01968 .

#1961
01962
21963
01964
91965
01966
P1967
21970
21980
n1990

02900

62010
C2020
22339
2049

2060

02D80
Ben9a
22109
pe 129
B2125
02130

2140

Z2159
12160
02170
2160
02190
02200
Be210
pz229
2232
62240
Ga2zs59
B2260
02270
v2280

.p2282

B2283

ANDNO A ...

Y

70

BRB1 BRHO

[F(RHOB«LT+«1+.0E-05) BRB] D0

BZB1=BZAC

RHOB=RHOB+0.00031

CALL MAG(JsAM»EYB»RHOB,»ZBC,»BRHO»BZAC).

BERB2=BRHO N

BZB2=BZAC

DBDRHO=(BRB2~BRB1)/.000 1

RHOB=RHOB~«.0081

ZBC=ZBC+.0001

CALL MAG(JsAMs»EYB,RHOB,ZBC,»BRHO,BZAC)

BRB3=BRHO

BZB3=BzZAC .

DBDZ=(BZB3~BZB1)/.0001

DBRDZ=(BRE3~-BRB1)/0.00€1

DBDZR=(BZBE2~-BZB1)/0.060 1 .

BT= SORT(BKBI*ERBI*BZBI*BZB])

SA=BZB1/BT : . =

CA=BRB1/BT ,

DBTDS= SA*LA*DBDZR*SA*SA*DBDZ*CA*CA*DBDRHO*SA*CA*DBRDZ

FS=(~BT)*(DBTDS)*GX*2.Q%PI*(]e @/EMU)*RS**3

FRHOB=FS*CA C

FZACB=FS*SA

FZBP=FZACB

FYEP= FRHOB*QIN(PHIB)

FXBP=FRHOB*COS(PHIB)

FXB=FXBP

FYE==FYBP

FZB==-FZBP

PRINT 2

FXCJI=FXA+FXB+FXC+FXD

FY(J)=FYA+FYB+FYC+FYD"

FZ(Jd= FZA+FZB+FZC+FZD

FORMAT (3Xs3HF X= El4 652Xs3HFY=E14¢652X53HFZ=F144+6)

CONTINUE

SUMX=0 .0

SUMY=0.0

SUMZ=9.9

DO 46 M=1s4

SUMX=SUMX+F X (M)

SUMY=SUNMY+FY (M)

SUMZ=SUMZ+FZ (M)

CONTINUE

SLMY=SUMX*9.0% 1 «QE+D'S

SUMY=SUNY*9 0% 1« BE+HS

SUMZ=SUMZ*9 0% 1 e OE+DS

PRINT:"COMPUTE TOTAL FORCE COMPONENTS"

PRINT S565SUtiXsSUMYsSUMZ

FTOT= SERT CSUMX*SUMX+SUMY*SUMY+SUMZ*SUMZ)

PRINT 70,FTOT

PORNAT(37:12HTOTAL FORCE=E14. 6JIX:5HDYNES)
RINT:CO TO NEXT CASE"”

PPI\T e, . . e
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p6/07/72 09325 . -

3 p2284 - GO TO 79
02299 END
READY
\
$LI1ST CUBE

A0010
00020 SK(6)sFX(6IsFY(6)SFZ(6)
20030 79 READ:XsYsZ
Gopnan PRINT 1sXsYsZ
Aro 50 1 FORMAT<3x,2Hx=F7.4.3x.2HY=F7.4.3x,2Hz=F7.4)
PB0 60 PRINT 2 ‘ : : o
. 00P70 o FORMAT (/) , :
0080 A=1415 :
PRI EYA<1>=1.os-ze;EYA<2>=1.mE-mestA<3)=as.e:EYA(A);1.es-os
B0R91 EYA(5)=1-BE-@é;EYA(6)=I.®E~ﬁ6
¢01060. EYB(!)=l-@E-@é;EYB(2)=loBE-GézEYB(3)=I-@Er06SEYB(4)=l-0E-@6
00101 EYE(5)=1-0E-@6§EYB(6)=1-®E-@6 '
29110 Echl)=1.@E-96;EYC<2>=1.95-86:EYC<3)=1.oE-ze:EYc<4)=1.wE-0<
g1l EYC(S)=1.GE-ﬂb:EYC(6)=J.9E~®6
00120 EYD(1)=1-@E-@é;EYD(2)=A5oﬁ;EYD(3)=loﬁE~063EYD(4)=1.0E-ZG
go121 EYD(5)=1-@E-@é;EYD(6)=1oOE-06
P9130 EYE(I)=1-@E-Gé;EYE(2)=1aBE-ﬂ6$EYE(3)=1.ﬂE-@é:EYE(é):].GE-@
30131 EYE(5)=1o@E-@é:EYE(6)=1-ﬁE-@6 -
70140 EYF(I)=45-@;EYF(2)=I-@E-EéJEYF(3)=1-@E-06;EYF(4)=1-@E-06
20141 EYF<5)=I-QE-Qé;EYF(6)=1-ﬂE-@6
03150 SK(])=1A-7;SK(2)=15-6;SK(3)=16-7;SK(4)=1-0E-06
20151 SK<5)=1-@E-®6;SK(6)=lo®E~®6 '
20160 SCi=3.33
%0170 RS=0¢5
30180 S=SCM*@-@1:X=X*B-Bl:Y=Y*®-®l;Z=Z*0-@1
20190 AM=A*0 01
00200  RS=RS*0.01

+

DIMENSION EYA(6):EYB(6):EYC(6),EYD(6):EYE(6):EYF(6);

DI =D AAYRQDA

e ot i i bt}




002509
00260
0270
0G280
00290
0B300
20310
09320
AN330
0a340
20359
006369
Pp0370
00380
pB390
A0420
20410
80420
20430

H 09240

66450
G460
0479
A48
G3490
ORSBo
0A510
Hp520
80530
02540
NASSH

8579
O3 58Y
BRS596
- a0n600
n61@
PO 620
20639
B2 640
00650

A0 670
A &R
$0690
6n760
20710
00728
00730

00230

2R440

D560

2660

L._ A AM

P1=3.1415926

DO 59 J=1,6
XA=Z

YA=Y

ZA=S/20-~X
ZAC=ZA : : :
RHOA=SORT (XA*XA+YAXYA) ~ . . .

PHIA=ATAN2 (YA, XA)

BPHIA=0 «0

caLL MAG(J:AM:EYA:RHOA:ZAC: RHO,BZAC)
BRA1=BRHO

IF(RHOA«LT«1.8E~- 05) BRA1=0.0
BZA1=BZAC

SIH=(EXP (2. Q*SK(J)) EXP(=SK(J)))/2.0
STHI=(EXP(SK(J))I-EXP(=SK(J)))/2.0

B=(SIH-SIN(2. Q*SK(J)))/(SlHl*SIHl*SIN(SK(J))*SIN(SK(J)))
"TGX=1 «D=(0. 75/SK(J))*Q

RHOA=RHOA+0 000 1

CALL MAC(J:AM:EYA:RHOA,ZAC:BRHO:BZAC)
BRA2=BRHO

BZA2=BZAC

DBDRHO=(BRA2-BRA1)/2. 0001

RHOA=RHOA-0G 0001

ZAC=ZAC+3 0001

CALL MAG(JsAM»EYA,RHOAS ZACsBRHO,BZAC)
BRA3=BRHO

BzA3=BZAC

EMUIZ4.0%PI%*1.0E-07

DBD2=(L5/.r\3"CZHA /@05002
DBRDZ=(BRA3-BRA1)/0.0001
DBDZR=(BZAZ-BZA1)/0.0001
ET=SORT(BRA1*BRA1+BZA1*BZA1)
SA=BZA1/BT

CA=BRA1/BT
DBTDNS=SA*CAXDBDZR+SA*SA*DENZ+CA*CA*DBDRHO+SA*CA*DBRDZ
FS=(=BT)*(DBTDS)*GX*2 ¢ 0*PI1*(10/EMU)*RS**3
FRHOA=FS*CA

FZACA=FS%SA

FzapP=FzaCA

FYAP=FRHOA*SIN(PHIA)
FXAP=FRHOA*COS(PHIA)

FXAhz==-FZAP

FYA=FYAP

FzZA=FXAP

XB=X

YB=-Z

ZBE=Y+5/2.0

7RC.=78

RHOB=SQRT (XB*X5+YB*YB)

PHIB=ATANZ2 (YBsXB)

BPHIB=0«0

CALL MAG(JsAMsEYBsRHOB,ZBC,»BRHKO» BZAC)
BRB1=BRHO .

. e s samem
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" D0740
00750
00760
00770
90780
R 799
00&00
20810
20820
00830
00840
00850
02860
20870
2O &80

- PO8IB
00900
20910
20920
00930
00940
20950
00960
00970
00980
00990
21000
21010

910920
01039
01040
01050
01062
21079
n1980
21099
91120
01116
21120
21130
01140
01150
01169
21170
91189
21190
21200
21210
01220
01230
‘91240
1250

D1262
L_.a497a_mw

TF(RHOB.LT+1<0E-85) | BRB1=0.0

"

%

BZB1=BZAC

RHOB=RHKOB+0 «2001

CALL MAG(J:AMJEYB:RHOB:ZBC:BRHO:BZAC)
BRB2=BRHO

BZB2=BZAC A
DEDRHO=(BRB2=-BRB1)/0. @@01
RHOB=RHOEB=0 «B001 .

ZBC=ZBC+0 .0001 .

CALL MAG(JJAM:EYB:RHOB:ZBCJBRHOJBZAC)
BRB3=BRHO

BZB3=BZAC : _
DBDZ=(BZR3~-BZB1)/78.0001
DBRDZ=(BRB3-BRB1)/0.2001
DBDZR=(BZB2-EZB1)/0.0001
BT=SQRT(BRB1*BRB1+BZB1*BZB1)
SA=BZB1/BT

CA=BRB1/BT

DBTDS= SA*CA*DBDZR*SA*SA*DBDZ*CA*CA*DBDRHO*SA*CA*DBRDZ
FS=(-BT)*(DBTDS)*GX*20%PI*(]. G/EMU)*RS**3
FRHOB=FS*CA

FZACE=FS*SA

FZBP=FZACB

FYBP= FHHOB*SIN(PHIB)
FXBP=FRHOB*COS(PHIB)

FXB=FXBP .

FYB=FZBP

FZB=-FYBP

KC==7

YC=Y

ZC=X+S5/2.9

ZCC=2C

RHOC= SPPT(XC’XC*YC*YC)
PHIC=ATAN2(YC s XC)

BPHIC=3.9

CALL MAG(J:AMJEYC:RHOC:ZCC;BRHO)BZAC)
BRC1=BRHO

TF(RHOC«LT+1.9E~35) BRC1=0. ﬂ

BZC 1=BZAC

RHOC=RHOC+0.Q001

CALL MAG(JsAMLEYCs»RHOC»ZCC>»ERHO,BZAC)
BRC2=BRHO

BZC2=BZAC

- DBDRHO=(BRC2-BRC1)/0.0001

RHOC=RHOC-D .00Q0 1

ZCC=ZCC+0.0001

CALL MAG(Js»AM»EYC,RHOCZCC»BRHOSBZAC)
BRC3=BRHO

BZC3=BZAC

DBDZ=(BZC3-BZC1)/3.0001
DBRDZ=(BRC3-BRC1)/0.6301

DBDZR=(BZ2C2~-BZC1)/0.2001 .

BT= SORT(BRCI*BRCI*BZCI*BZCI)




VT

yr—r

21270
01280
21290
01300
01310
@1320
01330
01340

‘91359

01360
21370
#1380
@1390
01400
01410
01420
01430
91440
01450
01460
01470
21480
#1490
61500
61519
01520
21530
P1540
$1550
21560
91570
01580
21590
01600

-01619

01620
B1630
1640
21650
D1666
Nn1670
01680
P1690

01790

1710
91720
91730
N1740
$1759
81760
P1770
»1780
61790

Y. N o 2 ¥ NPT

"SA=BZC1/BT
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CA=BRC1/BT - _
DBTDS=SA*CA*DBDZR+SA*SA*DBDZ+CA*CA*DBDRHO+SA*CA*DBRDZ
FS=(=BT)*(DBTDS)I*GX*2.0%PI*(1.8/EMU)*RS**3
FRHOC=FS*CA

FZACC=FS*SA

FZCP=FZACC

FYCP=FRHKOC*SINCPHIC)
FXCP=FRHOC*COS(PHIC)

FXC=FZCP

FYC=FYCP

FZC==FXCP

XD=X

YD=Z

ZD=S/2.8-Y .

ZDC=2ZD o

RHOD=SORT (XD*XD+YD*YD)

PHID=ATAN2 (YD, XD)

BPHID=0.0

CALL MAC(J:AMJEYD:RHOD:ZDC:BRHO:BZAC)
BRD1=BRHO

IF(RHOD«LT+1+8E-05) BRD1=0.0

BZD1=BZAC

RHOD=RHOD+3.0001 ~

CALL MAC(J,AM:EYD:RHOD:LDC:BRHO;BZAC)
BRD2=BRHO

BzZD2=BZAC , ,
DBDRNO=(BRD2-BRD1)/0.0001 "
RHOD=RHKOD-0.0001

ZDC=ZDC+D 0021

CALL MAG(J»AMsEYD,RHODs ZDC,»BRHO»BZAC)
BRD3=BRHO

BZD3=BZAC

DBDZ=(BZD3-BZD1)/8.0001
DBRDZ=(BRD3-BRD1)/3.0001
DBDZR=(BZD2~BZD1)/3.000 1

BT=SORT (BRD1*¥BRD1+BZD1*BZD1)

SA=RZD1/BT

CA=BRD1/BT ' _
DBTDS=SA*CA*DBDZR+SA*SA*DBDZ+CA*CA*DBDRKO+SA*CA*DBRDZ
FS=(=BT)*(DBTDS)*GX*2+0%PI%(1e@/EMU)*RS*%3
FRHOD=FS*CA

FZACD=FS*SA

FZDP=FZACD

FYDP=FRHOD*SIN(PHID)
FXDP=FRHOD*COS(PHID)
FXD=FXDP

FYD==FZDP

FZD=FYDP

KE=X

YE=-

ZE=S5/2.0-2

ZEC=ZE




s

o180 RHOE=SQRT (XE*XE+YE*YE) -~ = — o S ‘f
21810 PHIE=ATAN2(YE, XE) '
21820 BPHIE=0.0
21830. CALL MAG(J»AM,EYEsRHOEs»ZEC,»BRHO»BZAC) -
01840 BRE1=BRHO '
1850 IF(RHOE+LT+«1+0E-05) BRE1=0.0
21860 BZE1=BZAC
21870 RHOE=RHOE+0.0001
21880 CALL MAG(J» AM;EYE:RHOE:ZEC;BRHO:BZAC)
91890 BRE2=BRHO
21900 BZE2=BZAC
091910 DBDRHO=(BRE2-BRE1)/0.0001
01920 RHOE=RHOE-0 0081
1930 ZEC=ZEC+0.0001
31940 CALL MAG(J,AMsEYEsRHOE»ZEC,»BRHO»BZAC)
21950 BRE3=BRHO
P1960 BZE3=BZAC
" P1970 DBDZ=(BZE3-BZE1)/3.0001
01980 DBRDZ=(BRE3-BRE1)/0.08001
21999 DBDZR=(BZE2-BZE1)/0.00801 :
92000 BT=SQRT(BRE1*BRE1+BZE1*BZE1)
92010 SA=BZE1/BT
02020 CA=BRE1/BT '
02030 DBTDS= SA*CA*DBDZR+SA*SA*DBDZ+CA*CA*DBDRHO+SA*CA*DBRDZ
02040 FS=(=BT)*(DBTDS)*GX*2.0*PI*(]1«8/EMU)*RS**3
22050 FRHOE=FS*CA
2060 FZACE=FS*SA
02070 FZEP=FZACE ,
020680 FYEP=FrRHOE*SIN(PHIE)
02090 FXEP=FRHOE*COS(PHIE) ,
82109 FXE=FXEP ’
22110 FYE=-FYEP
p2120 FZE=-FZEP
32130 XF=X
02140 YF=Y
#2150 ZF=2+S/2.0
2160 ZFC=2ZF ‘
92170 RHOF=SORT (XF*XF+YF*YF)
02180 PHIF=ATANZ2(YF, XF)
2190 BPHIF=0.0
22200 CALL MAG(J,AMsEYF,RHOF»ZFCsBRHO»BZAC)
p2210 BRF 1 =BRHO
. 92220 IF(RHOF«LT:1+0E-0S) BRF1=6.0
32230 BZF1=BZAC
82240 RHOF=RHKOF+0.800 1
2225p CALL MAG(J;AM:EYF;RHOF:ZFC;BRHO:BZAC)
82269 BRF2=BRHKO :
p22179 BZF2=BZAC .
G228 DBDRKO=(BRF2-BRF1)/3.0001
02299 RHOF =RHOF ~3.203 1
023920 ZFC=ZFC+0 0201
02310 CALL MAGCJsAMIEYF>RHOF» ZFC»BRHOL,BZAC)
n2320 BRF3=BRHO : _
ADARA. . ... RZEA=R7 AN ; e i een o i S Al ,,/-- . s NPT At




B2340
P2359

22370
22380
02390
02 400
P2410
02420
02430
02440

82450
02468
82470
02489
02490
22500
22510
02520
02530
02540
82550
#2560

P2580
62590

02610
02629
02630
62640
02650
62660
02670
02680
02696
02700
821718
02720
921730
02740
02750

READY

82360

2570

Bo 600

e

¥ 9233 BZF3=RZACTT i e e s e

50
59

62

0

DBDZ=(BZF3- BZF])/@ poal
DBRDZ=(BRF3-BRF1)/0.0001
DBDZR=(BZF2-RBZF1)/0.0001

BT=SORT(BRF1%BRF1+BZF1*BZF 1)

SA=BZF1/BT
CA=BRF1/BT
DBTDS= SA*CA*DBDZR+SA*SA*DBDZ+CA*CA*DBDRHO+SA*CA*DBRDZ
FS=(-BT)*(DBTDS)*CX*2.0%PI*(1.0/EMU)*RS**3
FRHOF=FS*CA
FZACF=FS*SA .
FZFP=FZACF. ' ' -
FYFP=FRHOF*SIN(PHIF)>
FXFP=FRHOF*COS(PHIF)
FXF=FXFP
FYF=FYFP
FZF=FZFP
PRINT 2
Fx¢J)= FXA+FXB+FXC+FXD+FXE+FXF
FYCJ)=FYA+FYB+FYC+FYD+FYE+FYF
FZt(J)=FZA+FZB+FZC+FZD+FZE+FZF

FORMAT (3Xs3HFX=E14+6,2Xs3HFY= Elde652Xs3HFZ= E14.6>
CONTINUE
SUMX=0«0
SuUMY=0 B
SUMZ=0 .8
DO 60 M=1s6

SUMX=SUMX+F X (M)
SUMY=SUMY+FY (M)
SUMZ=SUMZ+FZ (M) _
CONTINUE .
SUMX=SUMX*9 0% 1 «QE+0QS
SUMY=SUMY*G ¢k 1«BE+DS
SUMZ=SUMZ*F«0*10E+BS
PRINT:"COMPUTE TOTAL FORCE COMNPONENTS"
PRINT S0,SUMX,SUMY»SUMZ

FTOT=SORT (SUMX*SUMKX+SUMY*SUMY+SUMZ*SUMZY ~
PRINT 7@,FTOT

FORMAT (3X» 12HTOTAL FORCE=E14.651X, SHDYNES)
PRINT:" GO TO NEXT CASE"
PRINT 2 '

GO TO 79

END
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APPENDIX C

UNITS AND CONVERSIONS
For magnetic field computations, CGS and gaussian units are most con-
venient. In this system of units based on the centimeter, gram and second

the magnetic field strength H in vacuum (or air) along the axis of a single

2Ma

2
T

oersteds and r is the slant range to the coil winding, a and r are both

turn coil of radius a is given by H = i, where H is the field strength in
measured in centimeters, and i is the current flowing measured in ab-
amperes (L0 amperes = 1 abampere). All of the coil configurations con-
sidered in this study can be resolved into a summation of such single turn

elements. In a vacuum the field strength H and the magnetic induction have,

in CGS units, the same numerical value, i.e., B = H. B is measured in gauss.

. I SO 1= =
The force on a conductor carrying a current density j is given by cix H
—
dynes per cubic centimeter, where j is measured in abamperes per square

centimer and c is the speed of light measured in centimeters per second.

In MKS units, which are most convenient in discussing practical
electrical circuitry and which are also becoming more widely used in all

phases of electrical theory, the field strength H due to a single current

carrying coil turn of radius a is given by H = i along the axis of the

2
2r

winding at a slant distance r. The coil radius a and the slant range r must

be expressed in meters and the current i in amperes. The unit of field



strength H is the Maxwell (or ampere turn per meter),
B and H have a different numerical value in a vacuum.

vacuum relation between B and H is given by B = 47-10"

7

in webers per square meter.

should suffice for the limited scope of the present report,

CGS-Gauss MKS
1 gauss = 10.4 w-m-2

103 Maxwells = 79, 5 Maxwells

1l oersted = an

1 abampere

10 amperes

l cm - 10'2m

In this set of units

In MKS units the

H. B is measured

The conversion between these units is given in the brief list which





